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PREFACE 

This volume is intended for readers who wish 
to obtain a familiarity with the basis of modern 
physical science. Without matiieniatical fonnular 
tioo it deals with modem theoriee as to matt^ and 
energy, emphasizing the granular structure and 
electrical nature of matter, and the apparently 
corpuscular character of energy. 

The read^ need have no previous knowledge of 
electricity, mechanics, or chemistry. For the appre- 
ciation of the evidence of certain raitical experi- 
ments upon whidi modOTn scientists base their be- 
lief in electrons and in quanta of eaeicgy some 
knowledge of electricity, however, is required. To 
supply this in a quick and easy manna*, the usufd 
historical ord^ of presentation is abandoned and 
the correctness of modem theories is assumed at 
the start. There are postulated the electron and its 
counterpart, the proton. In terms of these there 
are then described those few phenomena of elec' 
triciiy which are essential to the later considaation 
of the evidence. In this way, it is hoped most 
rapidly to introduce the reader to modem theories 
as to the invisible workings of the physical univa'se. 

J. M. 

Wyoming, N. J. 
June, 1921. 
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INTRODUCTION 

In the con&tdlation of Orion is the brl^t reddish 
star Betelgeuse. For centuries it served with other 
stars as a guide to mariners and as an object for 
consideration by philosophers and myth makers. 
Although we still retain the name given to it by 
the Arabs and still see it as the ri^t ehoulder of 
the mighty hunter, science has removed all but the 
nomraidature of the earlier animistic interpretation 
and substituted cold quantitative facts. Since our 
school days we have known that Betelgeuse is a 
sun, essentially like that which illuminates our 
earth. Very recently we have been told by Pro- 
fessor Michelson. of Chicago as to its astounding 
magnitude — three hundred times the diameter of 
our own sun. The methods l^ which he arrived at 
this relationship involve interesting theories and 
required precise experimentation. Like the news- 
papCTs, however, of the day following his announce- 
ment let us be content for the moment with the 
fact itself. 

In the midst of the universe in whidi Betelgeuse 
is but a speck exists a smaller sun on a planet of 
v/hidi there crawl what Bertai^and Russell aptly 
called tiny lumps of impure carbons and water. 
What a shock to the "ego-centricity" of these car- 
bon compounds to realize their quantitative in- 
significance in comparison with Betelgeuse. 

vii -.lOOglc 



via WITHIN THE ATOM 

About Una latter sun there are probably eH' 
circling planeta. Are there organic compounds on 
any of these and how do they arise from inoi^anic 
compounds as the ageing planet slowly cools? Are 
there conditions of temperature and 'atmospheric 
content which are accompanied by such diemical 
changes? If organic substances can be formed will 
life appear on the planet? What intimations of the 
evolution of life can be found in modem science? 

Our questions grow by association, overlapping 
one anothw, repeating and varying their content; 
and our apparently unbound speculation leads only 
to further questions. Some answers and much ma- 
terial for thought are vouched by modem science 
although the specific question as to the mechanism 
and process in the evolution of life remains im- 
answered. 

What in fact do we mean by life? The cater- 
pUlar in its cocoon awaits the proper temperature 
for its metamorphosis: the radioactive atom ^on- 
taneously emits an electron and becomes a new 
substance. Both caterpillar and radioactive atom 
u« but stages in a sequence of events, the one to 
be followed by more caterpiUara aU of which will 
diSer slightly from the original and the other by 
more atoms which will difEer radically from the 
original. The comparison is not too seriously in- 
tended althou^ it is safe to say that the offspring 
of ihe radium atom will be moving in fast circles 
ages aftCT the descendants of the moth have per- 
ished from the face of the earth. 

When we have reached a •satisfactory definition 
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of life shall death be its negative? Are life and 
death merely convenient terms which we loosely 
apply to phases in a wide proems of cx)ntinuous 
change? and what are the entities which are con- 
served during the change? To tJie last question 
science today may apparently give answer for in 
energy and in electricity it has two entities which 
are conserved in amount.' The former manifests 
itself by changes in the location of the latttf, for 
electricity is the only known constituent of the 
ponderable matter of which our universe is com- 
posed. 

Whether we are interested in speculative ques- 
tions like those just mentioned, in less speculative 
but yet unsolved questions like the mechaninn for 
the transmission of stimuli by nra^es, or in the 
purely practical matter of the ^cient organization 
and operation of the multiplicity of machines which 
condition our daily Uves, we must seek explanations 
in terms of energy and electricity. 

The reduction of the number of unknowns with 
which science deals is a recent advance which has 
followed discoveries like those of radium and 
X-rays. Widely different brandies of sciesice are 
now known to be dealing with the same funda- 
mentals of electodty and energy. For the first time 
in centuries Hiere exists the material whidh a genius 
could synthesize into a universal science, in which 
physics and chraniatry, biology and geology, will 
lose their identities in a common set of principles. 

So rapid, however, has been the advance of sci- 
ence toward this simplification of terms and prin- 
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dples tiiat few except those immediately concerned 
are aware of the possibilities. With the change of 
base and point of view which has followed the di»- 
covCTy of the electron, and the consequent interre- 
lation of branches of science long held apart, there 
have arisen innumerable questions which occupy 
the time of those best able to expound the new 
science. Our schools follow but tardily in their 
elementary classes the concludons of reaeardi^s in 
science and our text-book writes must comply with 
existing distinctions betweeai branches of science. 

The fundamental concepts of the new science are 
ea^ to grasp and may be stated in relatively simple 
terms, 'although the quantitative rdationships are 
to be wtpressed only in mathematical symbols. The 
complete synthesis may be upon ub some day as 
unexpectedly as were Einstein's hypotheses and 
presumably to find us as unprepfffed. For its 
witical coneidra-ation but few will be competent. 
For a more popular appraisal many of us may be 
pr^ared if we have learned to think of all scientific 
problems in teima of electricity and enei^. 

Unfortunately the popularizer of these concepts 
must run some risk of false statement for he is 
limited first by his own knowledge and interpreta- 
tion of the accepted body of scientific truth, and 
second by the necessity of pxn^ly verbal expression. 
Word pictures are all that he may give a^d the 
selection and emphasis of their mato'ial may carry 
impUcations which time shall disprove. 

One difficulty which confronts those who would 
impart the concepts, evidence, and concludons of 
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modau science to readers untrained or impatient of 
mathematical formulation, arises from a weakiiees 
which is diaracteristic of modem research itself\ 
Science today is quantitative rather than qualita- 
tive. It espresses the relationship of the intenmtiee 
of two phenomena, as for example the intensities of 
the electric current and of the illumination of an 
incandescent lamp, and compensates for its in- 
ability to answer the question "how" by its wealth 
of data as to "how much." Besearch monc^r&ph 
and text-book alike emphaaize the observable quan- 
titative relation^ip and rarely venture far into the 
speculative hinterland where "how" must precede 
"how much." As we teach science today in our 
schools the effort of learning the quantitative rela- 
tionships too frequently leaves neither the instruc- 
tor ncM" the student leisure for fruitiul inquiry or . 
speculation as to the mechanism itself. 

Rare indeed is the Faraday whose pictures of in- 
visible processes satisfy and vivify quantitative 
relationships during a century of fruitful research. 
That particular genius was diseovOTed by Sir 
Humphrey Davy, himself a broad and va-satile 
mind. One wonders whetho" our phonographic 
daao'oom methods and the machine processes of 
our laboratory instruction can create an environ- 
ment for that inspiration of another Faraday which 
the jH-esent development seems to require. 

Faraday's pictures wece in the nature of working 
hypotheses as to an all-embracing and continuous 
medium — an elastic ethereal medium. Assuming 
that an ether existed, the attraction or repulsion of 

, _ . .Google 



xii WITHIN THE ATOM 

electdfied bodies waa Ncplainable, in terms of the 
strains which the bodies introduced into the me- 
dium, without reoourae to a theory for action at a 
distance. 

During the later half of the 19th century, the 
assumed medium became of first importance and 
scientifically electricity was in danger of becoming 
a phenomenon of the very medium whidi had been 
assumed to explain its own phenomena. The 
empha^ on the medium, however, bad happy re- 
sults for it led Maxwell to the conclusion that light 
was an electro-magnetic phenomenon. 

With the discovery of the election — the appar- 
ently indivisible particle of electricity — the ether 
rapidly lost its importance and finally with the 
work of Einstein it has ceased to be a necessary 
postulate in physical science. 

The terminology of the older physics of the ether 
is unavoidable, however, if one approaches the new 
physics of electrons in the historical order of its 
evolution. Such a method of presentation has the 
advantage that the experimental evidence may be 
set forth in conjunction with each statement of fact. 
On the other hand, the method demands on the 
part of the reader a knowledge of the phenomena 
and laws of electricity, mechanics, and chemistry 
which is seldom possessed by the hypothetical per- 
son "(he general readCT." This d^cienc^ may, of 
course, be supplied by devoting to that purpose the 
earlier diapters of an exposition, but several of 
these would raise memories of high school text- 
books. The facta which must be acquired would 
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of necessity be presented in a conventitmal maniiCT. 
It would, therefore, be neceesary to return to them, 
after treating tJie fundajnentals of the new science, 
and attempt a corrective inteqiretation in the new 
terms. The process would not only be wasteful of 
time but difficult of attainment for first impres- 
sions, even of science, lie deep in the mind. 

It is perhaps better to start out boldly, stating 
the physical basis of the new science and building 
aa f ar as practical on its firm foundation. For cer- 
tain portions of the superstructure only sketches 
are available, Bnd for others not even sudi indica- 
tions. Occasionally there may be sketdies of sev- 
eral draftsmen neither of whom seems destined to 
be accepted as the final designs. Enough material, 
however, may be inspected by tiie reader so that 
he may appreciate the problem of the new science 
and the point of view. Only when the structure is 
partially completed should the Tender be expected 
to recognize its relation to the science of his own 
school days, for the new science starts with the 
inviwble and intangible entity of electricity. 
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WITHIN THE ATOM 

CHAPTER I 

ATOUIC STBUOTUBSS 

The story is told of the debutante who met the 
r«iowned Bstrouomer, the lion of the evening, with 
an appreciative remark as to the wondoB of as- 
taonomy, "And do you know I tiiink the most 
wonderful thing is how we know the names of the 
stars." 

Now imagine, if you can, two types of particles, 
each invisible, intangible and infinitesbnal in the 
ordinary senses of these words, and indet^iminate 
in form and substance. For one type, wonderfully 
enough, we know the name "electron," but for 
the other type there is no agreement. We are 
free to choose from a nimiber advanced by various 
scientists and Ediall arbitrarily adopt the term 
"proton." 

Electron and proton are complementary. To- 
gether they may merge in a union so cbse that their 
combined size is less than that of the electron alone. 
Such a statement may sound absurd but exp«:i- 
ments seem to indicate that the union of two or 
more protons with one or more electrons is a smaller 
particle than is a single isolated electron. The form 
1 

- L, ,zi;i:,C00gIC 



2 WITHIN THE ATOM 

and size of, Uie electoon and proton must then be ' 
different in combiuation from that of the free elec- 
tron and free proton respectively. 

We apprehend at the start two types of particles 
botia invisible but both independently obsCTvable 
by certain effects which they produce. To these we 
ascribe complementary properties. In so doing we 
meet at once a serious diflficulty of existing language 
for there is a paucity of terms by which we may 
descaibe the particles without CMmotations of an 
animistic bias. The protons and electrons are com- 
plementary, mutually supplying each otiiw's needs. 
Electrons, however, are mutually antagonistic and 
depart from each other's presence unless restrained. 
The same is true of protons. It is only by virtue of 
the complementary properties of proton and elec- 
tron that two or more electrons, for example, are 
constrained to the same infinitesimal space. 

A close union of a group of protons and dectrons 
is conceivable from a social parallel for it may re- 
semble geometrically the careful seating of guests 
at a lai^ dinner. Between those of opjwsing in- 
terests might be placed others whose int^'ests are ' 
mutual with tiiose of their immediate neighbors. 
The dinner guests have various degrees of sym- 
pathy and antipathy for each other. Between elec- 
trons, however, th«"e is but one d^ree of ant^o- 
nism since all experiments point to the exact 
similarity of all electrons without r^ard to their 
individual histories. The same apparently is true 
of protons although the, isolation of the latter has 
been a more recent advance and there is not as 

, ,z,;i , Google 



ATOMIC STRUCTURES 8 

large a volume of evidence ia this case. We are 
probably raitirely safe in aseuming that protons are 
indistinguishable and are iutoxihangeable to an ex- 
tent that would excite the admiration of the piece- 
part manufacturer of the present days of quantity 
IH-oduction. 

Any grouping of antagonistic elements, few fflt- 
ample, electrons, can persist only by virtue of the 
presence of the complementary type, in this case 
protons, and by virtue of such geometrical arrange- 
m^it that the opposing tendendes of the elements 
of the same type are neutralized by the complemen- 
tary tsidencies of elements of a diS^ent typB and 
in part by tendencies whic^ are discussed on page 
76. According to some theories, however, two eleo- 
fa-ons or two protons are pictiu^ as mutually at- 
tracted when they are very close togeths', although 
at larger separations they are repellent. Similarly 
an electron and a proton would start to repel each 
other after they had approached to within a certain 
small distance of each other. In any case liKe 
permanence of a group of protons and electrons will 
depend upon the geometrical arrangement. The 
picture which we may form is like that of some state 
of society wh^re man shuns man, and woman avoids 
woman, but unrestricted promiscuity prevails. Pro- 
miscuity, however, carries no stigma for individu- 
ality is entirely lacking. 

In many ways their society approaches an angelic 
state, for its members are not confined to a terres- 
trial plane but hover and flit about in space, subject 
to the oppoung tendcaicies which were just moi* 

, ,z,;i:,C00^IC 



4 WITHIN THE ATOM 

tioned. Nor are their anta^nistus destructive like 
tliose of humans, despite the fact that electrons 
may rush about with a speed ahnost that of light. 
Actual coUisioDS between like elements are always 
avoided by swerving to one side or in Ihe extreme 
instances of head-on approadi by retracing their 
patha A deathless existence these particles lead 
and although th^e is marriage and giving in mar- 
ria^ the unions are fruitless. The number of elec- 
trons or of protons in our universe is believed to be 
et^nally fixed eo that their immortal society may 
alter only in its configurations. 

Such new configurations as these elements may 
assume are formed under the action and in con- 
formity with the laws stated figuratively above. In 
more olaasical terms these may be eotpressed by 
saying that like elements repel and unlike attract. 
To place this idea completely beyond the ammistic 
bias two words of rec^it coinage and incompletely 
sanctioned usage may be employed. Electrons 
pellate, protons pellate, but an electron and a 
proton tractate. 

The law reminds one of that for the action of 
electrical charges, since like charges repel and un- 
like attract. It may be admitted at once that elec- 
trons are elements of so-called n^ative electricity 
and protons elements of positive electricity. It is 
prefwable, howeva-, to consider further this ques- 
tion of configuration of these elements before at- 
tempting to relate our present treatment with itie 
familiar facts of electricity. We ^aJI nev«-thelesa 

L,:,-zi;i:,C00gIC 



ATOMIC STETJCTURES 5 

find it most convenient to speak of electrons and 
protons as tiie "electrical elements." 

The electrical elements are found associated in 
configurations which increase rapidly in complexity 
as we pass from the simple union of one proton and 
one electron to systems which involve hundreds or 
thousands of elements. When more than one pro- 
ton is involved two types of systems are possible. 
In the simpler type all the protons are associated 
in a compact group which compiizes also sufficient 
electrons to secure a certain d^ree of stability for ^ 
tiie coalition. Such other electrons as may be asso- 
ciated with the system undra* consideration are 
external to the compact group or nucleus as we ^all 
call it. This simpler type of system we ^aU call 
qtogaio, and to the question of its stability we shall -^ 
return later. 

The second type of ^stem is that which involves 
two or more nuclei and associated external elec- 
trons. Again we postpone the question of degree 
of stability and class such systems as mol^lar. 

For completeaiees we should mention at this point 
also systems which may be formed by combinations 
of the two main types. A number of similar sys- 
tems, for example, molecular ^sterns, may become 
closely associated by a temporary relinquishme«t 
of individual freedom and form a fed^ation, to - 
borrow a term which closely fits. As long as the 
external eonditions remain as they were this federa- 
tion may persist but its component members may 
on occasion and without prejudice assume a^lu 

, ,. ;i , Google 



6 WITHIN THE ATOM 

their individual existences. Polymeric systems of 
this kind are of frequent occurrence. 

As the opposite of polymnization liiere is dis* 
Bociation, the process of separating a polymeric or 
^even a molecular syst^n into the anally systems 
Which compose it. With the lattCT process particu- 
larly we diall have more to do later. 

For the moment, however, we shall consider only 
the simplest type of system, namely the atomic, 
whidi is formed by a nucleus and a number of elec- 
trons external to it. In the nucleus there are al- 
ways more protons tban electrons. It is this excess 
of protons that serves by virtue of their inh»ent 
complementary characteristics to retain in the 
r^on immediately external to the nucleus a num- 
ber of electrons. 

Consideration will be further limited by exclud- 
ing for fjie present all systems in whidi the total 
number of electrons, including those external to 
the nucleus as well as those comprized by it, is 
unequal to the number of protons in the nucleus. 
Systems in which thwe is niunerical equality be- 
tween protons and electrons we shall call normal 
atoms or, more conventionally, unchaxged atoms. 
We shall further find it convenient to classify such 
atomic systems by the number of electrons external 
to the nucleus, or what amounts to the same thing 
by the excess of protons in the nucleus. This num- 
ber will be designated the "atomic number." 

The largest known atomic number is 92 and this 

corresponds to the diemical element uranixmi, a 

metallic element found in pitchblende. It was in 

.„oslc 



ATOMIC STRUCTURES 7 

residues of this mineral, from which the uraaium 
had been extracted, that Professor and Mme. Curie 
discovered the ^mrait radium. Radium has an 
atomic nximber of 88. Another chemical element, 
which has a large atomic number, is thorium, a rare 
metal used in making incandesceDt gas mantles. Its ' 
atomic number ia 90. 

Atomic ^stems with such hig^ atomic numbers 
are v&ry rare in the collector's sense of the word. 
Let us imagine a period long past in the history of 
our universe when such systems predominated even 
to the exclusion of systems of smaller atomic num- 
bers. Their nuclei were crowded spaces filled with 
antagonistic electrical elements — insecure coalitions 
ready if necessary to sacrifice some of their mem- 
bws. Whether under external influence or solely 
from internal causes these coalitions started to 
expel their members. The electrons left as indi- 
viduals, ejected with enormous vdocity, or in com- 
pany with protons with smaller velocities as be- 
fitted a larger party. Such a party was apparently 
composed of four protons and two electrons, and 
to it we give the name "alpha particle." 

Under some conditions the reduced coalition 
would be left so unstable by such action that a 
further expulsion would be necessary in the next 
few seconds. Sometimes days would dapse and 
und«" other conditions years or even ages mi^t 
pass before such violent readjustments again took 
plaoe. 

Today Ve may observe &e same process in the 
case of atomic groups of hi^ atomic numb^s — 
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the so-called radioactive elements. The changes 
in nuclear composition appear in the case of these 
dements to be independent of external conditions 
and to occur solely because of the need of readjust- 
ment on the part of the elements of the nuclear 
coalition. 

By a sequence of expulsions of electrons and of 
alpha particles the highly complex nuclei of the 
prehistoric atomic systems were reduced in number 
of electrical elements and ino-eased in stability until 
finally tlie appai^ntly stable atomic structures of 
our ordinary chemical elements were attained. In 
other words, we may consider the chemical elements 
like tin, lead, sulphur and oxygen to be "end- 
products" of a long series of radioactive changes. 
The charact^ of these changes and the alterations 
in the properties of the atomic systems which result 
will be discussed in considerable detail in later 
chapters. 

Although the disruption of the complex nuclear 
structure of a radioactive atom is spontaneous in 
the sense of occuiring without the stimulus of ex- 
t«*nal agents, similar disturbances do not occur 
simultaneously in all the individual atoms of a large 
group. Some of the atoms of a bit of uranium, 
for example, or of radium, are always breaking 
down. The product of the disintegration may be 
removed by trained experimenters and hence the 
rate at which it is formed may be measured. Know- 
ing the rate at which disint^ration is occurring, it 
is a matter of simple mathematics to calculate the 
average life, that is the time required until half 
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the original atomic systems will have diantegrated. 
This is using the twm "avwage life" as actuaries 
do, for of course some of the atoms may lest fcM* 
ages without dissodating. _ 

In the case of radium the average life is estimated 
as about 1600 years; that is, it should require that 
tame for half the attxjis of any bit of radium to 
become changed into atomic ^rstems of smalls 
numbers of elements. Curiously wiough the next 
atomic system, a gaseous element known aa "niton," 
has a short average life of only five or six days. The 
atomic number of niton is 86, for it is the result of 
the ejection of an alpha particle from the nucleus 
of the radium system, which has an excess of 88 
protona 

The alpha particle is itself an atomic system,, al- 
though it is not a normal or uncharged atom since 
it involves mca-e protons than electrons. If two 
external electrons are associated with it, it becomes 
a normal atom, namely that of helium, a U^t in- 
active gaseous element which has recently attracted 
public attention as a desirable substitute in filling 
b^oons for the lights but active element hydrogen 
which bums with oxygen. 

It was perhaps by such spontaneous changes in 
the composition of the nuclei of atomic systems, 
as are illustrated today by radium, that the known 
chemical elements were produced. The definition, 
howeva*, of the term "chemical element" is no 
longer as ^mple as it was in the days before this 
disint^ratioD theory was advanced and accepted 
by scientists. Until we have discussed with further 
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detail the possible changes which may occur in 
atomic systems, we may use the term in its usual 
sense, and say tJiat the eighty, or so, known chem- 
ical elements are the products of radioactive dis- 
integration for which the further disint^ration is 
so slow as to be n^ligible or inappreciable. For 
all practical purposes, however, we may assume 
that our diemical elementa are end-producte of pre- 
historic disintegration. 
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CHAPTER II 

SATISFIED AND UNSATIBPIED SYSTEMS 

It is difficult to deacribe the interactions of the 
electrical elementa without recoxirse to WMds which 
have an emotional significance. Words like stable 
and unstable, or active and inert, might be used 
but they have scieaitific connotations which are bet- 
ter avoided at present In continuing the discussion 
of atomic systems we E^all use words which are 
frankly animistic and classify these systems as sat- 
isfied, unsatisfied, or dissatisfied. The radioactive 
8}^tems which were described in ihe previous chap- 
ter are evidently violently dissatisfied systema 

A failiuB of satisfaction may be ihe result of a 
deficiency in tiie quantity or in the quality of the 
desired good. Quantitatively an electrical system 
. is satisfied if there is an equality in the number of 
protons and electrons which comprise it. Satisfac- 
tion as to quality, on the other hand, depends upon 
the configuration of the component elements of the 
^^tean. 

Dissatisfaction when it occurs is deep seated — 
a neurotic condition of the nucleus whidi may re- 
sult without any external stimulus in violent out- 
bursts and a veritable oi^ of sma^ing china and 
throwing things about This excitable state is 
11 .oogic 
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diaractoristic of those atomic systems which have 
retained their youth and been unchanged by the 
years. When they ^all have become as lead, a 
long peaceful life will confront them, in whidi they 
may be at times unsatisfied but practically never 
dissatisfied. During the fonnative years of their 
discontent the nature of their diasatisfaction adapts 
itself to their condition, being now concerned with 
quantity and again with quality or configuration. 
At times they throw off alpha particles and thus 
find themselves with an excess of electrons which 
are a source of dissatisfaction in their innermost 
and nuclear hearts. The electron which is then ex- 
pelled from the nucleus is sometimes spoken of as 
a beta particle. By expulsions of alpha and beta 
particles the radioactive systems lose much of their 
enei^ and all appearances of radicalism. 

For a time, howevw, we diall deal with the con- 
srarative atoms which never become more than 
mildty imsatiafied. Systems _which are unsatisfied 
in the numaica! equivalence of i»otons and elec- 
trons show the eflEect of electriral charges. The 
consideration of these effects also must be post- 
poned and our attention fixed upon systems which 
are sati^^ in this quantitative relationship but 
are unsatisfied in the configuration of their com- 
ponent elements. Such absence of sati^action as 
then exists is solely a matter of the arrangement of 
Qie electrons external to the nucleus since, if the 
source of the trouble were in the latter, dissatisfac- 
tion would be manifest unmistalcably. 

The electrons which are ext^nal to the nucleus 
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of an atom are separated from it and from eatdi 
other by relatively large distances Perhaps as good 
a picture of an atomic system aa may be eaaily 
formed is obtained by a comparison with our solar 
system. The distances between sun and planets 
and betwe^ the various planets are very large as 
compared to the diametoB of any of the planetary 
bodies. If we now imagine tiie son to be very small 
aa compared to the earth and then imagine all the 
distances and sizes to be {Hx>portionally reduced 
until the systeon is invirable even with the moat 
powerful microscope we have a possible picture of 
an atomic syBtem. The sun is first made anally 
because the nucleus is small compared to the elec- 
tron. Some dimfflisiona of such a system are quite 
accurately known for they are detaminable by 
methods which will be described later. 

The diameter of the atom d^eaids upon its con- 
struction, being smaller for some chemical elranents 
than for oth^u If we wished, fcH* example, to keep 
out of the way of a hammer thrower, starting his 
turns, we would assume that his diameter was that 
of the circle through \^idi the hammer head 
swung. In much the same way the diameter of 
any atom is that of ih.e circle of which tte centCT is 
the nucleus and the radius the distance to the outer- 
most electron. 

The hydrogen atom is composed of only one 
proton and one electron. The two elements are 
probably whirling about each other in spa^e much 
like a rapidly whirling dumbbell except that there 
is no direct connection between the ends of the 
, _ , , Google 
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dumbbelL Its diameter is about two hundredths of 
a millionth of a centimeter, but this is about one 
hundred thousand times as large as that of the 
electron bo that the diameter of an electron is about 
two tenths of a millionth of a millionth of a centi- 
met^. 

The other atoms are not so aimpla The helixuu 
atom, of which we have spoken before, consists of 
a nucleus and two external electrons. The atom of 
BodJum has eleven, and that of chlorine seventeen 
e^trons, external to the nucleus. We da not know 
as much about the arrangement of the electrons in 
the atomic structures as we should like or as we 
probably shall in the near future. For the purpose 
of discussing the effects of the configuration of the 
external electrons we may, however, draw one ot 
two parallels of a kindergarten nature which will 
s^re in default of more authoritative pictures. 

The system of nucleus and external electrons may 
be likened to a few children playing a circle game 
about a teacher. Suppose that the game goes beet 
with eight in the ring but is possible with any num- 
ber between six and ten. If ten are playing, that 
is if the teacher's responsibility is for ten, as mi^t 
be the case for electrons if the nucleus has ten excess 
protons, then there is some crowding. An oppor- 
tunity for two children to join an adjacent but less 
crowded circle will be welcomed by the children, and 
by the teacher also, if she can satisfy her quantita- 
tive obligations by superviang their play in a 
' neighboring circle. 

An atom with a circle crowded by electrons is in 
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an unsatiaSed condition which is favorable to losing 
electrons. If it does so it will have more protons 
than electrons. This tendency towards an excess of 
protons is ordinarily described by calling the atom • 
elecla-opositive. It can supply electrons to any other 
atom which can accommodate them in its circle. If 
it does so, however, the two atoms must remain 
together for each nucleus has responsibility for a 
definite number of the total of electrons. For such 
a combination into a molecule the second kind of 
atom must have a complementary need, having 
fewer electrons than can be satisfactorily accommo- 
dated in its ring. Its tendency to acquire added 
electrons is indicated by calling it electronegative. 

If an atom has a ring of electrons just sufficient 
to play their circle game without crowding there will 
be no need for loaning or borrowing from an adja^ 
cfflit atom, and hence no occasion for combination 
into a molecule. The elements with atoms of this 
diaracter are "inoi;" substances such as the gases 
hriium, ai^n, neon and krypton. Niton is also an 
example of such an arrangemmt. Niton, however, 
is inert only as far as concerns its possibility of com- 
bination with othffl" atoms, for, due to its radio- 
active propraiies, it can very markedly influraice the 
chanical b^aviour of other substances. 

So far as concerns the combination into molecular 
eystems of two diffwent kinds of atomic systems, we 
diould expect electropositive atoms to unite with 
electronegative ones. Common salt, NaCI, is the 
combination of the electropositive sodium atom, 
which would spare one electron, with tiie eleetivn^- 

L, ,_ ,. , Google 
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ative chlorine atom, which would accommodate an 
extra electron. In fcHining the molecule the electrons 
probably redistribute themselves about the two 
nuclei 

Under certain conditions the combination so 
formed may be broken up into two new systems, 
which axe slightly differ^t from the original sodium 
and chlorine atoms. If salt is dissolved in w&iee 
some of ita molecules separate into these two parts. 
One has the nucleus of a sodium atom and the other 
that of a chlorine atom. The number of electrons 
about each of these nuclei is not that of the normal 
atom. In the process of B^arating, the electron 
which was borrowed by the ring about the chlorine 
nucleus is not returned. 

The chlorine nucleus and its ring with an excess 
electron is not a chlorine atom, nor is the sodium 
nucleus with its ring, which has lost an electron, an 
atom of sodium. When ordinary table salt breaks 
up in solution, it does not give the elementary sub- 
stances of sodiimi and chlorine, neither of which is a 
possible food. These new atomic systems move 
about in the solution exactly as do unsplit molecules. 
To Ihem is 0.vea a new name, that of "ions" since 
they are go-ers. Sometimes they come together in 
their wanderings and for a time form again a salt 
molecule but later they may break apart. 

The i^enomena of solution and in fact all matters 
having to do with the motions through space of 
atomic or molecular systems must be pMtponed. 
The dissociation of the molecular system of «)dium 
chloride into atomic systems has been cited as a step 
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toward the fuller study of tiie combiuation of atomic 
systems into molecular eystraua. When the sodium 
ion, that is the positive ion, cornea into the imme- 
diate neighborhood of the chlorine, tJiat is the n^^ 
tive ion, recombination will again occur although a 
diasodatioD may immediately follow as the result 
of those external influences which we are at present 
assuming without explaining. 

Ions are atomic systems unsatisfied in quantity 
rather than in configuration of electrical elements. 
Combination of atomic ^sterns into molecular eqts- 
tems is, therefore, seen to occur as the result of 
either type of unaatisfaction. For historical reasons 
both of the kinds of combination, which we have 
■pictured above, are called chemical combinations ' 
without regard to our more rec^it knowledge that 
they are entirely electrical phenomena. 

The abihty of an electropositive atom, for ex- 
ample sodium, or of a negative ion, for example the 
chlorine ion, to enter into a molecular combination 
depends (as we have seen) upon the possession of 
one (or more) electrons in excess of those requisite 
to satisfaction in configuration or in quantity, re- 
spectively. We may therefore expr^s the ability of 
an atomic system to combine, which is conven- 
tionally termed its valence, in terms of the number 
of electrons which measure its unsatisfaction. Thus 
we may say that the atomic systems mentioned im- . 
mediately above have a positive valence of one. The j 
atoms or ions which become the partnn^ in such 
combinations have a complementary need of eleo- 

■ ooglc 
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trons. They may be described as having a negative 
valence of one. 

For a satisfied system, that is for an inert atom, 
the valmce is, of course, zero. 

The satisfaction of that need on the part of an 
atomic system which is expreesed qxiantitatively by 
ite valence may be obtained in a mmiber of ways. A 
monovalMit atomic system like sodium requires only 
another monoval^it system, like chk>rine, which has 
a complementary need to form a satisfied molecular 
structure. A divalent atom, on the otho" hand, may 
be satisfied by a union with another divalent atom 
or with two monovalent atoms. In the latter case 
the two necessary atoms may be of the same kind 
or different. In tiie molecular syst^n of water the 
divalent oxygen atom is combined with two similar 
monovalent hydrc^;en atoms. The symbol HjO, in 
which the subscript indicates the numbw of atoms 
of the type to which it is affixed, is a convenient 
representation of this combination. In similar man- 
ner the molecular ^'stem formed by the divalent 
oxygen atom with two unlike atoms of sodium and 
hydrogen is EQonbolized as NaOH. 

Many atomic structures attain satisfaction by 
combining into molecular form with others of their 
own type. Thus hydrogen normally exists in a 
diatomic molecular state represented as H^. The 
same is true of oxygen which forms a molecular sys- 
tem of Oj. In such cases we find a combination of 
two atomic sj^tems with similar rather than comple- 
mentary needa The rearrangement of the electrons 
about the two nuclei, apparentiy, results in a more 
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stable configuration than exists in the individual 
atomic Eftructures althou^ Bometimes not as stable 
as it might be. A Bpark will eo^lode a mixture of 
hydrogen and oxygen and result in two molecules of 
watOT being fonned from one molecule of oxygen and 
two molecules of hydrogen. The operation is con- 
veniently symbolized as O3 + 2H„ -* 2HsO. 

The atomic system of oxygen is the great joiner 
and has fraternal relations with all except the most 
deadly dull and inert atoms.^ It belongs to thou- 
sands of complex molecular societies. Associated 
with hydrogen it enters as wat«" of crystallization 
into secret CH^anizations of molecules of which it is 
not a bona fide membw but from which it may be 
expelled only by heated action. Even then all the 
water molecules do not leave with equal readiness 
lor some resist expulsion with considerable tenacity. 

It was largely by a study of combinations of oxygen 
with nitrogen that Dalton arrived at his well known 
laws as to molecular compoation. The substance of 
these laws has been tacitly assumed in our earlier 
discussion. The unit in chemical combinations is 
tiie atomic system; and molecular systans are 
fonned only from whole numb«T9 of atomic sj^tems. 
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CHAPTER III 

TBX FEBIODIC TABLIl OF ATOMIC BTBTBM8 

An atomic system is fonned by a nueleua and a 
number of electrons external to it. In the configura- 
tion of these exteroal elecbrcms is to be found the 
secret of the ability of one atomic Eiystem to combine 
with one or more other systems to form a molecular 
syst^D. The valence, which measuree this ability 
to combine, may be positive or n^ative depending 
upon whether tbe system und^ consideration is un- 
satisfied as the result of too many or of too few 
electrons for a stable configuration of the external 
electrons. 

In the nucleus tho'e is always an exc^s of protons 
and the numb^ by which this excess is specified is 
known as the atomic number. The largest known 
atomic number is 92. On the baas of atomic num- 
bers, tha^fore, a classification may be established of 
92 types of atomic systems. These types may then 
be cross-dasfflfied on the basis of valence. 

Aa we proceed from one type of atomic system 
to that with the next atomic number there is a 
change of one in the number of excess protons in 
the nucleus and a corresponding change of one in the 
number of external electrons. For example, let us 
entM* our system of classification by atomic numbers ' 
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at the eleventh type, which is that of the sodium 
atom. We must picture tJiis atomic syBtsu with 
eleven excess protons in lie nucleus and eleven ex- 
t^nal electrons, the actual configuration of which 
is still problematical. Despite the fact that there 
is a quantitative balance between the protons and 
the electrons, of complementary prop^ties, there is 
a lack of satisfaction in the portion of the systMn 
comprised by the extarnal electrons. 

In the system of next smaller number there are 
ten external electrons; and with the reduction in 
number the unsatisfaction has disappeared, for the 
t^th typical ^stem is that of neon, an in^ atom. 
■The equivalence of number of protons and electrons 
still remains for both kinds of electrical elements 
have undes^ne the same reduction in ntimber. The 
WEtemal electrons, however, no longer crowd each 
other. 

What would one naturally expect as the atomic 
number is further reduced? Eleven electrons wowd, 
ten do not, but nine are too few for satisfaction of 
the requirement of stability. The atomic system 
of ttie ninth type, known as fluorine, despite its 
quantitative satisfaction, is unsatisfied in configura- 
tion by one electron. Like the sodium system it 
also has a valence of unity but negative instead of 
positive. 

The satisfied atomic system is thus seen to occur 
as a transition between systems of negative and posi- 
tive valence. Such transitions occur at the atomic 
^stems of helium, neon, ai^n, krypton, xenon, and 
niton for which the atomic mmibers are respectively, 
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2, 10, 18, 36, 64 and 86. For convenience the names 
of the various types of systems corre^onding to the 
atomic numbers below 22 are given in the accom- 
panying table. 

Tabu I 
D NuuBBts or THK Atomic Stbums 
13 Magnesium Mg 

13 Aluminum Al 

14 Silicon Si 

15 Phosphorus P 

16 Sulphur S 

17 Chkirine CI 

18 Argon* A ' 

19 Potassium K 

20 Calcium Ca 

21 Scandium So 

22 Titanium Ti 



The atomic system for whidi the atomic number 
is one less than that of a transition system has a 
negative valence of one, and the system of the next 
greater number* has a positive valence of one as in 
the case just mentioned of the sequence fluorine, 
neon, and sodium. Progressing toward higher num- 
bers the poutive valence increases, and toward lower 
atomic numbers the n^ative valence. In progress- 
ing from one satisfied system to the next as, for 
example, from neon to argon, there must therefore 
be another kind of transition from negative valence 
to positive. Between these satined systems there 
are three types with poative valence of one, two 
and three, respectively, namely, sodium, magnesium, 
and aluminium, and three types, namely, chlorine, 
sulphur and phosphohis, with ihe correspondii^ 
values of negative valence. 
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The middle ByBtem of the sequence, which we are 
oonsidering, is like a hostess who is planning a din- 
nffl-. Shall she invite four more gueeta or four less? 
The decision will depend upon circumstancee, that is 
upon who the guests are to be, but the number she 
will add or scratch from her list is prefM-ably four, 
since that will make a satisfactory grouping. Some- 
times she makes one choice and again the opposite 
choice and the same is true of the atomic system 
of olicon. Its valence is four but it is amphoteric 
for it partakes of tiie charact^ of both electroposi- 
tive and electronegative elements. 

The simile of the hostess, howev^, is inadequate, 
because the dectrons are disposed about the nucleus 
in a space of three dimraisioDa The pictures of their 
disposition, which have been proposed from time to 
time, are all incomplete and none has been gen- 
erally accepted by scientists. The successful picttu*e 
must accoxmt for the known facts of chemistry and 
also for those facts of physics which relate to the 
radiation of light from atomic structures. The maxi- 
mum number of electrons which may be concerned in 
atomic phenomena is, of course, definitely known 
once the atomic numbers are well substantiated 
facts. The grouping of these electrons, however, is 
still in tiie stage of hypothesis and the picture which 
will now be given is merely that which today most 
satisfactorily accounts for the largest number of the 
known phenomena. 

We imagine ^ that the electrons are disposed about 
the nucleus as if they lay in the shells of one of those 

'According to Lewie and Langmuir. 
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Chinese toys which consists of a concentric series of 
wooden ^g-ahaped shells. Let the innermost e^ 
represent the nucleus. In the next or first ahell there 
may be one or two electrons, one in the case of hydro- 
gesi and two in that of helium. The latter condition 
would obviously admit of a stable structure in which 
electrons on diametrically opposite sides of the 
nucleus were held in Hie system, because they trac- 
tate with tJiis nucleus, despite the fact that they 
pellate with each other. Because of this electrical 
stability, the atomic system of helium is in^i^ 

Except for the hydrogen system all atomic struo- 
turea have these two electrons. The unsymmetrical 
configuration of the hydrogen system accounts for its 
extreme activity as a diemical dlem^it, and also for 
its formation of diatomic molecules of hydrogen gas. 

When an atomic system contains more than two 
external electrons, all electrons in excess of two are 
disposed on shells external to that which was just 
*desmbed. The n^it out^ shell is believed to be 
twice as far from the nucleus, and hence to have four 
times the superficial area. In it a total of eig^t 
electrons may be located. 

The atomic system which has one electron in this 
second -shedl is that of lithium. This atom readily 
parts with its third electron and assumes the more 
stable configuration of the helium atom. That is 
what takes place when the molecular system of 
lithium chloride, LiCl, dissociates into a lithium ion 
and a chlorine ion. Geometrically a lithium ion is 
similar to the stable heliimi atom, but it does not 
act at all similarly because the nucleus of lithium 
,L Cooiik 
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has tiiree ^:ceBS protona instead of the two of helitun. 

With two electrons in the second shell the atomic 
system ia that of beryllium which has a positive 
valence of two mnce it takes the loss of two electrons 
to coDV^ it into the stable configuration of the 
helium Efystem. Boron is a system with three elec- 
trons in this shell. When the numbw is four, there 
is reached the important system of carbon which 
enters into all organic compounds. Its four ext^nal 
electrons in pellating with eadi other probably take 
places su(^ as to form the comerB of a solid figure 
of four equal sides. Nitrogen has five, oxygen six, 
fluorine seven, and neon eight electrons in this 
second layer. In the last case the electrons will dis- 
tribute themselves four on each hemisphere, so that 
they form ^e com«3 of a cube at the cent^ of 
which is the inner shell with its two electrons and 
within this the nucleus. The inertness of the neon 
atom is well accounted for by this symmetrical and 
stable arrangement of external electrons. 

The system of fluorine with its seven electrons in 
the second shell may be considered either as having 
seven too many for such stability as is possessed by 
the helium system, or one too few for the stability 
of the neon system. In other words, it has either a 
positive valence of seven or a negative valence of 
one. Oxygen has six and two respectively. The re- 
arrangement which is required to make these ^s- 
tems stable, that is satisfied in configiu*ation, is less 
if dectrona are added than if 1h^ are subtracted, bo 
that such syst^ns tend in combinatdon to attain 
thdr satisfaction by borrowing from the other cora- 

.„o;;lc 
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ponents of the molecular systemB in whidi theiy are 
assodated. 

In the diEsociation of such molecular systems the 
atom tends to retain its satisfaction by a failure to 
return the borrowed electron which amounts to an 
actual tJieft. Dissociation, therefore, results in the 
formation of n^ative ions, that is those with a quan- 
titative excess of electrons. 

In a lai^ number of cases of molecular systems 
the electrons are shared so that borrowing and theft 
do not occur. It seems probable, howevCT, that in- 
dividual electrons may not be shared but only pairs 
of electrons.' It is further believed that in the shar- 
ing of.paira of electrons the adjacent atomic groups 
so combine as to form aa nearly as posfflble stable 
arrangements rou^Iy amilar to that of the neon 
atom, that is groups of electrons at the eight com^s 
of a cube, at the center of which is a kernel com- 
posed of two electrons and a nudeuS. This hypo- 
thetical process is peculiarly adapted to explain, for 
example, the large number of compounds which are 
formed by oxygen with nitrogen. 

As the number of external electrons is increased 
beyond ten a new out^ shell is required. Let us 
picture this third shell as practically coincident with 
the second. The first electron to be disposed in it 
occupies a position with much the same precarious- 

* Chlorine, which forms a diatoniic molecule, Cli, is a good 
iUuBtiation of the aharing of electroiu between the atoms of 
m<Jecular syetema. Each chlorine atom lacks one electron of 
the number required for satisfaction in configuration. H^ce, 
each atom shares one of its electrons with the other atom of its 
molecule. The requirements of configuration are thus satisfied, 
and in effect a pair of electroiiB is shiu^d. 
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ness as did the first electron of the second shell, and 
hence, sodium, the deventh syBtem, has math the 
same properties as lithium, the third. 

For similar reasons there is a periodic recurrence 
of Hie pToperiaeB of beryllium when we readi the 
twelfth Efystem, that is magnesium, and correspond- 
ing recurrences until we reach argon, Tdiere the shell 
has its complement of eig^t electrons. Again we 
have a stable structure. 

A new shell, a fourth, is required for electrons in 
excess of eighteen. This may not be superimposed, 
as was the third shell upon the second, for these 
innw shells now hold too many electrons to permit 
BO near a portion for additional electrons. The 
fourth shell is presumably three times as far from 
the nudeus as is the first and hence its area is nine 
times as great and its capacity for electit)ns ei^teen 
instead of two. 

The first three of the atomic systems which are 
formed by the addition of electrons in this new dieil 
also partake of the jH'operties of tiie corresponding 
three in the two series previously considOTed. The 
area of the fourth shell is larger, however, and it is 
not filled xmtil eighteen electrons are in it. The 
atomic system which exists when this fourth rfiell 
has four electrons has no such amphoteric properties 
as have silicon and carbon. It has no choice in its 
method of obtaining stability since to progress to 
stability would require the addition of fourtewi dec- 
trons, while to regr^e would require only the loss 
of four. Similarly the next atomic system, with five 
electrons in this shell, can have only a positive 

' v..oo^li: 
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val«ice. To assume tiie nearest stable structure, 
that of ai^D, would require tho subtraction of all 
five edectrons. 

Here we are met by a choice of kinds of satisfac- 
tions. A satisfaction of configuration requires ihe 
lose of five electrons. As each electron is lost the 
unsatisfaction as to the discrepancy between num- 
bers of protons and of electrons becomes more 
marked. As long as a net balance of satisfaction is 
attained by losing electrons there will be a tcaidenpy 
to do so. This balance of deares is generally met 
before all five are lost, for two and three are the usual 
valfflices of the vanadium system whii^ we are con- 
sidedng. 

Tbe Names and Ndmbebb of the Atomic Ststbmb 

IS Aifoa' A 37 Rubidium Rb 

19 Potassium K 38 Strontium 8r 

20 Calcium Ca 39 Yttrium Y 

21 Scandium 8c 40 Zirconium Zr 

22 Titanium Ti 41 Niobium Nb 

23 Vanadium V 42 Molybdenum Mo 

24 Chronium Cr 43 ; — 

25 Mauganeee Ma 44 Ruthenium Ru 

26 Iron Fe 45 Rhodium Rh 

■ 27 Cobalt Co « Palladium Pd 

28 Nidcel Ni 47 Silver Ag 

29 Copper Cu 48 Cadmium Cd 

30 Zinc Zn 49 Indium In 

31 Gallium Ga 50 Tin Sa 

32 Germanium Ge 61 Antimony Sb 

33 Arsenic As 52 Tellurium Te 

34 Selenium Se 53 Iodine I 

35 Bromine Br 54 Xenon* X 

36 Krypton ♦ Kr 

* Transition system 

The names of the atomic systems with numb^s 
between IS and 54 are given in Table U. From this 
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it will be aeexi that the systems coire^randing to 
those with 8, 9, and 10 electrona in tiie fourth ahell, 
namely, those of atomic numbers from 26 to 28, are 
those of iron, cobalt, and nickel, the three elem^its 
commonly known aa magnetic. They constitute a 
family of elementa with much in common be«des 
their magnetic property. Although they have about 
half as many electrons in their outer shells as is 
required for stability they have a sufficient number 
to form fairly synunetrical systems. Thus iron with 
ei^t electrons mi^t have them disposed at the 
comers of a cube like that of the outer ahell in neon 
or ai^n. Nickel also may attain consid^able 
stability with ito ten electrons. Their valences, how- 
ever, would not be zero for the shells are incom- 
pletely filled. 

These substances are not in^ and yet they 
possess certain structural advantages over their 
neighboring systems sufficient to form an oppor- 
timistic goal, toward which these oth^ systems may 
struggle in their quest of satisfaction in form. For 
this reason some of the systems on both ^des of 
this group partake somewhat of th^ qualities. For 
this reason also, starting with the copper system, 
which is next higher than nickel, the valences again 
form an ascending series, being one (or two in some 
cases) for copper, two for zinc, three for gallium, and 
four for the amphotmc germanium. 

Beyond g^manium, where the shell lacks only 
four electrons of its complement, satisfaction is most 
easily obtained by adding electrons and attaining to 
the form of the inat, stable system of krypton (36). 

, _ . .Coogic 
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The elements from arseQic (33) to bromine (35) 
correspond, therefore, to those immediately below 
the other in^ elements of neou and argon. Thus 
bromine belongs to the same family and reacts in 
the same general way to its electronic surroundings 
as do chlorine (17) and fluorine (9). 

In a similar manner the el^nents rubidium (37), 
strontium (38) and yttrimn (39), which have atomic 
numbers immediately above that of krypton, tend 
to revert in configuration to that structure and thus 
to lose electrons just as do the oorresponding systems 
of the preceding series, namely, potassium (19), 
calcium (20), and scandium (21). 

Between the atomic numbers of 40 and 50 the gen- 
eral dia,ractedstics of the atomic ^stems correspond 
to those of the previous aeries for which the numbers 
are 22 to 32. Again we find the structures of hi^er 
number tending to reach satisfaction in configuration 
by assuming that of the next highest stable system. 
Thus iodine, the fifty-third ^stem, would attain 
satisfaction in gaining an electron and becoming in 
form like xenon, the fifty-fourth, in the same man- 
n^ as chlorine, the seventeenth, would a^ume the 
fonn it not the substance of argon, the eighteenth 



B^ond xenon the names of the atomic systems 
are given in Table III. A new shell is now required 
and we imagine one with four times the diameter of 
the first, sixteen times its area, and a capacity for 
thirty-two Electrons. The first six el^nents in this 
new series correspond to the first six in the two im- 
mediat^y previous series. The seventh, of atomic 
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numberei.iBasyetundiacovCTed. Of the last seven, 
the one wit^ an atomic number of 85 is also undis- 
covered. OthOTwise the highw elemwite of this ewies 
are like those immediatcdy below the tranation eya- 
terns of xenon and krypton. 



Tub Names a 

54 Xenon* X 

55 Oeium Cb 

56 Barium Ba 

57 Lanthanum La 

58 Cerium Ce 

59 Praseodyroiuni 

60 Neodymium '' 

61 

62 Samarium Sa 

63 Europium Eu 

64 Gadolinium Gi 

65 Terbium Tb 

66 Dysprosium D 

67 Holmium Ho 

68 Erbium Er 

69 Thulium Tu 

70 Ytterbium Yb 

71 Lutecium Lu 

72 ■ 
73 



B Atouic Systsm 



74 Tungsten W 
75 



Nd 



76 Osmium Os 

77 Iridium Ir 

78 Platinum Pt 

79 Gold Au ' 

80 Mercury Hg 

81 Thallium Tl 

82 Lead Pb 

83 Bismuth 

84 Poloniur 



Po 



86 Niton* Nt 



Tantalum Ta 
Transition eystemB. 



88 Radium Ra 

89 Actinium Ac 

90 Thorium Th 

01 Uranium Xii Ur Xii 

92 Uranium Ur 



Of the thirty-one atomic systems between xenon 
(54) and niton (86), the first mv&i (55-61) corre- 
spond to systems (37-43) and (19-25). The l^t 
seven (79-85) correspond in chemical properties to 
systems (47-53) and (29-35). Both the lower sraies, 
(19-35) and (37-53), have intermediate transition 
systrans of which the iron-cobalt-nickeL group (26- 
28) is the more noteworthy. These intramediate 
transition gyst^ns are believed to be somewhat 
analogous to the transition systems formed by the 

, ,. ;) , Google 
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inert gaaes in that th^ have fairly stable electivnic 
configurationa, but they differ by being chemically 
active because they are not completely satined as 
to configuration. 

In the series which we are now considering there 
are two such intermediate transition groups, namely, 
(62-64) and (76-78). Of these the lattw, repreeent- 
■ ing osmium, iridium, platinum, is the more impor- 
tant. The otiier group contains three rare earths, 
namely, samarium (62), europium (63), and gadoli- 
nium (64). 

Between these two intramediate groups of transi- 
tion systems there are nine known and two unknown 
systems, (72 and 75). With the exception of tan- 
talum (73) and tungsten (74) these are all rare 
earths — ^metalUc elements with positive valences of 
three. The pictures of electronic configuration which 
have been proposed to account for the elements be- 
tween (62) and (77) are not as yet generally ac- 
cepted and need not be discussed. It is pwhaps 
sufficient to record the fact that chemical properties 
do not vary sharply with increase in number of 
planetary electrons when the shell has more than 
eight electrons, but is not within eight of its comple- 
ment. 

Beyond the last inert system, that of niton, tiieice 
are only a few known systems, and the series termi- 
nates with uranium from which by radioactive proc- 
esses many of the lower systems Were undoubtedly 
derived. These few remaining systems require elec- 
trons in a seventh ^ell, which we imagine to be 




Atomic systems at the periodic table. Place numbere corre- 
spond to atomic numbers. Systems similarly situated, as indi- 
cated by tadiai lines, have similar chemical properties. 
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sup^posed upon the uxth and to have the same 
edacity. 

We may now make a schematic picture of the 
series of atomic structures as if there were a group 
of tables to be filled by guesta These tables are 
rou^ly coDcentfic as shown in Fig. 1. One by one 
the atomic systems are seated and the order of their 
seating ia given by the atomic numbers attadied to 
their places. The first table seats only two. The 
next table eight on each side. The third table, seat- 
ing eighteen on each side, must place some atomic 
systems in positions which do not correspond with 
any of those at the second table. Th&re is, however, 
a corr«pondence between atomic systems which are 
oppofflte one anoth^ at the same table. The fourth 
table differs in some ways from any of the inn^ ones 
and on one ude it is only, partially filled. 

In this representation atomic systems whic^ have 
corresponding characteristics wUI be foimd to lie on 
the same radial line. That corresponding to the 
stable systems is marked zero. The others are 
marked with Roman numerals for the convenience 
of those who wish to compare with the usual tabular 
presentation of the periodic series of the chemical 
elements. Intermediate transition systems are indi- 
cated by VIII. To a very large extent the demente 
correspond in positive valence to the Roman nume- 
rals, thus the elements of group I all have positive 
valences of one although copper may also have two 
and gold may have three as values of valence. For 
groups beyond IV, the exceptions become more 
frequent as is evident from Table IV, where the 

L, ,z.d=,GoogIc 







PERIODIC TABLE OP ATOMIC SYSTEMS 


33 










gw 




2 ;- 




3 




« 3 














s« 




s ~ 




S" 




"»«■ 








i 






o3 
s5 




11 




8" 




8 5 








e 


sv 


B-r 


85 


S7 


s 


SZ- 


3 




H 


S 




1 


g 


S"! 


%.•> 


65 


&1 


1 5 


Sf 


z-- 




5 i 




(St- 


£5 




^«r 


s«- 


S»- 


s -: 


s«- 


S^ 






s 


S~f 












^ « 








•f 




»5 


> 
























•T 




























u 


> 


Z"? 


S"? 


s5 


•Sf 


S 5 


-J 


s» 




^ 3 


S-# 


1- 




t-Kj- 


S-s- 


Si"- 






S"- 




B 3 


Sw 


£ 


m 












« •>" 










•f 




H 
























2 


fc 


S-^ 


8-f 


g5 


:5-f 


iS -, 


S? 


Si 






£3 


e-» 


1 


"** 


3-* 


aS 


8-* 


$ 


S-* 


S-* 






a-' 


s 


1 




















































3 


cqn 


3» 
S 


Si 






1" 


is 






S" 


S" 


1 


























t- 






















- 1 




B 


a. 




a« 


,a. 


i - 


3. 


S. 






ts*t 


iS. 








r 


s 


Si 


s 


!S 


s 






S-- 


s 






a. 


a-- 


M^ 


6« 


& - 


•?- 


e- 






■?" 


io 








- 




s~ 


S; 


s 


s 






g- 






O 


^° 


o 


2° 














.^~.0' 


s 



36 WITHIN THE ATOM 

periodic series is tabulated. This table gives for 
each element, except for some of the rare eartha, the 
atomic number, the chemical symbol and the various 
observed valences. 
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CHAPTER IV 

UABB AND INERTIA OF ATOMIC STBTBMS 

Ths physical matter of which we are composed 
and with which we deal whether as scientists or not 
is composed of discrete molecules which are but 
unions of smalls particles, the atomic systems. Of 
the latter, we have distinguiahed ninety-two types 
which differ^ in the number of excess protons in th^ 
nuclei and consequently also in the number and con- 
figuration of the planetary electrons about their 
nuclei. Because these external electrons are all iden- 
tical, the various atomic systems form a progressive 
s«ies of geometrical patterns in which certain 
typical relations pKiodically recur. The series, 
therefore, contains groups or families of atomic 
types, which possess similar or common charac- 
teristics. 

Although the actual configurations are not known, 
the hypothetical scheme of disposition for the planet- 
ary electrons, which was presented in the last chap- 
t^, accounts fof a sufficiently large number of the 
known relationships of atoms to warrant its tentative^ 
acceptance. About the nucleus the electrons are 
grouped as if they occupied cells in shells of diam- 
eters which are related as 1:2:2:3:3:4:4 and of 
capacities for electrons, 2, 8, 8, 18, 18, 32 and 32 re- 

37 -. . 
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spectivdy. No electrons exist in outer shells unlees 
those within are completely filled. Those systems 
which have no partially filled shells are satisfied inert 
structures to whose configuration the unsatisfiwl sys- 
tems t^id to rev^ or to progres& In this tendency 
is the proximate cause of the chemical actions of 
various kinds of atoms. 

The basis which has been chosen for the classificur 
tion of atomic sj^teras is relative in that it depends 
upon the excess of protons in the nucleus over the 
electrons and not at all upon the total number of 
either kind of electrical element. It is therefore 
possible that two or more atomic systems may exist 
which classify as of the same type, that is are iso- 
topic at the Periodic Table, but differ in the total 
number of protons in their nuclei. In all chemical 
combinations or reactions these isotopes are indistin- 
guishable. They may be distinguished, however, as 
the result of an important physical property of elec- 
trical elements whidi is most pronounced in the 
case of protona 

This property is that of inertia, Hie inhwent un- 
willingness to change in state of motion which is 
common not only to the infinitesimal elemraits but 
to such larger aggregations as compose pond^able 
objects, whether human or otherwise. It is this 
quality which makes the flying missile so destructive 
and the stone wall or consrarative so annoying. The 
first delivers a blow and the secOTid resists our force 
and impedes our progress. 

Because of the phenomenon of gravitation we have 
become accustomed to measure inoiia by wd^t 
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and a popular nuBconception has arisen in whi^^ 
weight, mass and in^lia are inextricably ccmfused. 
The difficulty is largely due to our instinctive ap- 
proach to scientific questions throu^ our inunediate 
but frequently misleading sensations. 

When we cause a body to alter its state of motion, 
either by changing its speed or its direction, we are 
consdous of exerting what we are pleased to call a 
force. When we obs^re the gravitational tractation 
of body and eaiUi we speak' of a force of gravitation 
as acting on the body. Bodies upon which the earth 
under similar conditions exerts equal forces we call 
equal in weight. Unfortunately weight is but a par- 
ticular kind of force and force itself is an entirely 
subjective conc^t without any objective reality. 
Whatevw- may be the character of the alteration in 
the relative motions of the bodies of a system the 
alteration is but the manifestation of a change in 
the disposition and availability of that imcompre- 
hended motive power of our universe which we call 
energy. 

Energy and the electrical elemraits are the postu- 
lates of the new science, the entities in terms of 
which all explanations of scientific phenomena must 
be made. 

To our senses, whether aided by apparatus or not, 
this motive power, or energy, is evidenced only by 
change in the state of motion of the electrical ele- 
ments. To every moving particle, whether electron, 
proton, atom, molecule, or more evident mass, we 
ascribe a pcntion of this imknown. The amount 
which we assign to any particle depaids upon the 
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speed with which it is moving and upon its electrical 
composition. 

As the unit by which to measure energy we may 
take fiiat energy which is associated with an electron 
under some definite and arbi1a*aiily chosMi condition 
of motion. For example, we mi^t choose the speed 
of one centimeter a second as that at which an 
electron would be traveling when it had what we 
wish to call a xmit amount of enwgy. Two dectrons 
moving with this speed, obviously, represent two 
units of ffliergy. 

When two bodira differ in kinetic energy ^ even 
though their speeds are alike we say that they differ 
in inertia or in masa In quantitative siguificance 
the two terms are int^changeable although the first 
represents the unwillingness of a body to change its 
state of motion and the second the quantity of mat- 
.ter in the body. On the basis, for sample, of experi- 
mental observations of the relation for the enwgies 
of any body and of an electron we may ascribe to 
the body a mass which is some definite number of 
times that of an electron. 

If we are to express quantitative relationships we 
shall need units. Tliree fundamental xmits axe all 
that are required and these have already be«i 
chosen. They are the units of distance, time, and 
enargy. Our unit magnitudes are then the centi- 
metCT", the second, and the kinetic energy of an elec- 
tron which is moving one centimeter per second. 

The habit of reducing all quantitative expressions 
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to terms of a very limited numba' of units is not re- 
sbicted to scientific procedure but holds in many 
other human activities. To a large ext^it we 
measure our desires and their gratification in terms 
of the distance we would go, the time we would 
consume, and the money we would expend. 

There is a wide range of choice in the selection of 
magnitudes upon which to base three fundamental 
units, but for present purposes the three previously 
mentioned are to be preferred. In terms of these 
we may define unit mass. First, however, we recog- 
nize that a ^leed of one centimetw per second is a 
speed of unit distance in unit time, that is a speed 
of unity. Double the distance in the same time or 
the same distance in half the time represents a speed 
of two units. In terms of units of speed we now 
see that our chosen unit of energy is that associated 
with an electron which is moving with unit speed. 
The next step is to define imit mafis as that of a body 
which has unit energy when its speed is unity. 

It is to be noted against future reference that this 
d^nition carriee no implication as to the constancy 
of mass and contains no indications as to the rela^ 
tionahip of mass, speed, and energy.^ The considwa- 
tion of these matters may be omitted since our im- 
mediate discussion requires only the reoc^piition of 
mass aa a factor for expressing the relation of the 
energies of two bodies whose speeds are Identical. 

We assume that energies are determinable and 
that speed is not only measurable but controllable 
BO that we may determine the mass of a body by 

' For such a relaticm ef. p. 206 in the Appendix. 
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finding its energy at imit speed. When so deter- 
mined the mass of an alpha particle is 7380 times 
that of the electron. The alpha particle, however, 
is mer^y the nucleus of the atomic system known 
as helium. . When associated with two planetary elec- 
trons it becomes an atom of helium. The mass of 
the atomic system of helium, therefore, is due ahnost 
entirely to this nucleus. 

Alpha particles are known to be constituentfl of 
the nu^i of all radioactive atomic systems and are 
assumed to be present in all oth^ systems except 
hydrogen. It seems hi^ly probable, therefore, that 
within the nucleus of any atomic structure the pro- 
tons are associated in groups of four, bound together 
with two electrons in the same maimer as in the 
alpha particle. Whenever the number of protons 
in the nucleus is divisible by four we may, therefore, 
expect, although we do not yet know, that the 
nucleus is formed by an int^ral number of alpha 
particles. 

Consider, for example, such a nucleus as would be 
formed by four alpha particles. Each constituent 
contributes four protons and two electjx)n3 so that 
the nucleus contains a total of sixteen protons and 
eight electrons. Its atomic number would then be 
eight, that is, its construction would cmrespond in 
val^ice and in other chemical prop^ies to the atom 
of oxygen. Its mass would be due to four alpha 
particles and would be four tiroes that of the helium 
atom, and this, in fact, is the experimentally deter- 
mined ratio fcs" the masses of the oxygen and helium 
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A nuclear composition of only alpha particles is 
not possible, however, where twice the atomic num- 
ber is not evenly divisible by four. In such cases we 
must assume the nucleus to contain * in addition to 
alpha particles one or mc^'e protons. In the case 
of nibogen, for example, it has been determined re- 
cently that protons are part of the nudeua for tiiey 
may be knocked out from the nuclei of nitrogen 
atCHns by impacts from othM" atomic systems which 
are moving with enormous speeds. 

In determining the mass of an atom we may 
n^lect the electrons and assume that each proton 
contributes to the nudeus one-qaatiec of the ma^ 
of an alpha particle. For any nudeus, then, we may 
calculate the mass as some improp^ fraction of the 
mass of an alpha particle. For example, if an atomic 
system has twenty-two protons in its nucleus it has 
a mass of 22/4ths of an alpha particle. We may 
compare the mass also to that of an atom of oxygen. 
Since the latt^ is four times as heavy as the helium 
atom, the mass of the system which we are consid- 
ejring is 22/16ths that of an oxygen atom. In addi- 
tion to the system with twenty-two protons let us 
assume another which has twenty protona Its mass 
will be 20/16thB that of an oxygen atom. Instead 
of working with fractions we shall let 16 stand for 
the mass of an atom of oxy^n and then in terms 
of the new unit thus arbitrarily adopted we may ex- 
press the masses of the hyjwthetical ^^stems as 22 
and 20 respectively. 

So far we have been concerned only with their 

* Cf. footnote of p. 114, and also p. 111. 
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masses. Now let us assume that they are of the 
same type, each with an atomic nimiber of ten. The 
configuration of the ten planetary electrons will then 
be the same in both structures; tiie valence will be 
ihe same; the chemical properties will be the same; 
and the only difference will be in mass. The 
isotopes, which we are imagining, cannot be sepa- 
rated by chranical meliiods for they have identical 
behaviours in all reactions. 

Let us furth^ suppose that this chemical identity 
has resulted during the ages past in such a mixing of 
these isotopes that wherever one obtains a sample of 
this chemical element the sample will contain them 
in the same proportion. Suppose, for example, that 
there are nine atoms of the isotope with mass 20 for 
evwy one of that witJi mass 22, Any determination 
of the atomic mass will give the average mass, that is 
20.2, since on the average the total mass of ten atoms 
woifl3 be 9X20+1X22 or 202. 

We now fum to Table V in which are given for 
some of the chemical elements their so-called atomic 
weights, on the basis of 16 for the oxygen atom. 
Fot neon, which we know to have an atomic number 
of ten, the atomic weight is 20.2. The gaa which the 
chemists used to know as neon is not a homogeneous 
gas, composed of identical atoms, but is a mixture of 
two gases, the atoms of which are alike in atomic 
number but unlike in mass. 

These two isotopes, of atomic weights 20 and 22, 
have recently been isolated by physical rather than 
diemical methods. The methods used are made 
possible by Ae fact that systems whidi differ in mass 
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wiU have diffN«Dt energy contente at the same speed. 
As we diall see late-, howevOT, the actual expai- 
mental det^minations are based on the converse 
statement of this relationship ; if two particles of dif- 
^ ferent masses are given equal enrages they will differ 
in speed, the smaller mass attaining the greater 
speed. 
The table of atomic weights, to which reference 

Tabui V 
Atomic WstQHTa (« Sous Comuon CaeiMtcjUi Eiambnis 

I / gydrt^n 1.008 Copper 63£7 

— Helium 4.00 Zinc 65.37 

-, Lithium 6.94 Arsenic 74,96 

uBeryUium 9.1 Selenium 795 

j Boron 11.0 Bromine 79.93 

4 Carbon 13.0 Krypton ffi.93 

T Nitrogen 14.01 Rubidium 86.45 

' Oxygen 16J) Palladium 106,5 

, Fluorine 19X) Silver 107S8 

, Neon 202 Cadmium 112.4 

■ Sodium 23.00 Tin 118,7 

' i-Mognesium 24.32 Antimony 1202 

'.Aluminum 27.1 Iodine 126.02 

- Silicon 28,3 Xenon 1302 

' /PhoBphcwus 31.05 Cssium 132.81 

'i Sulphur 32.06 Barium 137.4 

(■ Chforine 36.46 Tungsten 184. 

I Atgon 39.9 Osmium 190,9 

(/Potassium 39.10 Iridium 193.1 

f.(CaIcium 40.1 Platinum 1952 

"■ Manganese 64.03 G(dd 1972 

Iron 65,84 Mercury 200.6 

Nickel 58.68 Lead 2072 

Cobalt 68.97 Bismuth 208.0 

Notb: The fdlowing elements have isotopes of the following 

Lithium, 6, 7 Bromine 79, 81 

Boron, 10, 11 Rubidium 85, 87 

Neon 20, 22 Krypton 84, 86, 82, 83, 80, 78 

Magnesium 24, 26 Xenon 128, 130, 131, 133, 135 

Silicon 28, 29 Mercury (197-200), 202, 204 

Chlorine 36, 37 Lead, Bismuth— .See Fig. 2. 

Potassium 39, 41 
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haa been made, gives the observed relation between 
the massee of the atoma of various chemical elem^its 
as detffl*mined by the weights of equal numbers of 
atoms. To facilitate the expresuon of tiie relations 
or ratios of atomic mass the ratios are all referred to 
oxygen and a common denominator of 16 is' used in 
their expression. The various numeutors of the 
ratios then become the atomic wei^ts of the various 
elemeaits in terms of oxygen as 16. The choice of 
this numb^ was a more or less conscious antic^iation 
of the facta of today. The unit of wei^t which is 
used in the expression of atomic wei^ts is the weight 
of one-sixteenth of the oxygen atom. Today we 
know that this unit is the weight, or more strictly 
the mass, of a proton which is associated with other 
protons and electrons in the nuclear structure of an 
atom. To a close approximation this unit of the 
table of atomic weights is one-quarter the mass of 
an alpha particle and h^ice is 1845 times the unit 
of mass which was chosen earlier in this chapter. 

For reasons which are not yet evident the mass of 
an isolated proton is not exactly one-sixteenth of the 
mass of an oxygen atom. Relative atomic weights 
are capable of sufficiently exact determination so 
that the values in the table are not to be doubted. 
From that table the masses of the atoms of hydrogen, 
helium and oxygen are re^ecfcively 1.00^8, 4.00, and 
16.00. 

Why hydrogen is not unity is not known, although 
plauuble explanations may be giv^i in terms of 
electro-magnetic theory. Whrai, however, we con- 
sider that mass is merely a factor in the expression 
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of the relationship between energy and speed, it be- 
comes conceivable ih&t the enei^ relations EJiould 
be slightiy different, depending upon whether or not 
the proton is nearly or entirely isolated or is inti- 
mately araociated with other protons as in the nudei 
of tiie atoms of large mass and large atomif number. 

WhenevH- the atomic wedght of a chemical ele- 
mesit is a whole numb^- within the limits of the eoc- 
perimental errors involved in its determination, aa, 
for example, in the eases of lithium, nitrograi, sor- 
dium, and sulphur, we have reasons to expect that 
the substances are actually diemical ed^nraits and 
not mixtures of atomic ^ystams with equal atomic 
numba^ but unequal nuclear masses. In all othw 
cfises isotopes are su^ected and recent expffliments 
have E&own the existence of the prop» isotopes to 
explain the failures of some atomic wd^ts to be 
whole numb«B. The isotopes' so far discovered are 
given in the note to Table V. 

One of the most intwesting illustrations of the ex- 
istence of isotopes is found in the case of lead, where 
a lar^ numbw are known to exist. Except for bis- 
muth all the elranbnts above lead in atomic number 
are radioactive ; and lead seems to be an end-product 
of several different series of radioactive disintegra- 
tions which we shall consider in the next chapter. 
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RADIOACTIVE DISINTEGRATIONS 

Atomic systems which are chemically identical 
and noD-separable occupy the same place in the 
periodic table which was described in Chapter III. 
The basis of selection for position is the atomic 
number. Sj^stems with the same atomic number 
may, however, differ in atomic mass, in previous 
history, and in inner tendencies toward radioactive 
di^laya When the atoms of such isotopic systems' 
are diffwent in mass they niay be separated by 
I^yucal means, but those of isotopic systems which 
differ in inner traidencies cannot be separated. 
When, howevCT, their divergent tendencies actually 
result in different radioactive transformations we 
may reason that isotopes do eodst. 

Radioactive substances have been described as 
atomic systems which are dissatisfied in their nuclear 
structures. In an individual atom such dissatisfac- 
tion leads to a nuclear debacle, aft^ whidi the atom 
is j^erally declassed. Ultimately all the individual 
atoms of a radioactive substance will undergo the 
same transformation. By some innra- economy, 
however, they so arrange that at any instant a defi- 
nite proportion of their number shall be engaged in 
the charactfflistic activiti^ of the group, that is 
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eithw hiu-ling ali^a particdes or Bhooting forth at 
hi^ speeds the lighter beta partides. 

When an atom changes in its nuclear construction 
it must be reclassified and assigned to another plaoe 
in the periodic table. By radioactive changes the 
atom jumiffl from one place in the table to another. 
The new atomic system, whidi embraces the atoms 
which have jumped, differs in previous history and 
inner tendendfs from the system which already oc- 
cupies the new place in the periodic t£d>le. With 
this older occupant it becomes isotopic but not 
identical 

The changes in position in the periodic table whidi 
accoiopany radioactivity are due to changes in the 
nuclear structure of the various atomic systems. 
The nucleus may l(»e an alpha particle or a beta par- 
ticle. A loss of an alpha particle reduces the number 
of protons in the nucleus by four and the number of 
electrons by two. The excess of protons over elee- 
tj-ons, which we express by the atomic number, is 
therefore reduced by two. Whenever a nucleus 
loses an alpha particle the atom is declassed, not to 
the class immediately below b.ut to that two below 
in the scale of atomic numbers. 

When an atom of radium loses an alpha particle 
it ceases to be radium, for its atomic nimiber is re- 
duced from 88 to 86. This new substance is called 
niton, ca* "ra4ium emanation." In a similar manno' 
when an atom of niton loses an alpha particle it be- 
comes isotopic with all oihec systems of atomic 
niunb^ 84.' 

Before discussing this series of changes it is de- 
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airable to consid^ for a momoit what happrais to the 
alpha particle which is ejected. It is the nucleus of 
a helimu atom and needs two external electrons to 
become a satisfied, in^ helium atom. In th» first 
pKtrtion of its mad rush outward from a radioactive 
atom, an alpha particle seriously disturbs the othw 
atomic syst^ns by which it passes, diaking and 
knocking loose some of theor planetary electrons. 
Its effect is to ionize some of the atoms of the at- 
mosphere through which it passes, forming atomic 
Syst^ns which are unsatisfied in number of electrons, 
some having too few and others, which have ac- 
quired the loosened electrons of their ne^bors, hav- 
ing too many. Whrai the rush of the alpha particle 
has been stayed it, too, becomes as the other atomic 
systems of the atmosphere and finds quantitative 
satisfaction by claiming two electrons &om any 
system which has more than it needs for its own 
satisfaction. 

The subject of the ionization of gaaee by alpha 
particles, and also by other methods, is one of con- 
siderable interest but it must be postponed, f 6r 
the present it must be sufficient to say that in the at- 
mo^»% of the earth tii&ce are alwaj^ some atomic 
systems which have either an excess or a deficiency 
of electrona Whenever in the wanderings of these 
^ystrans those of opposite kinds of unsatisfaction 
me^an electron is transf^red. 

The &erce ruak of the alpha particle, as it is ejected 
from the nucleus of tiie radioactive atom, is capable 
of -dislocating the planetary electrons of the atom 
from which it proceeds just as well as those of othffl* 



RADIOACTIVE DISIKTEGRATIONS 61 

atoms which it meets lata-. Its departure iiom the 
nucleus leaves the nucleus a net excees of protons, 
two less than before, and the ^ells of planetary 
electrons would therefore hold an excess of two 
electrons if the alpha particle did not jar them loose 
into outer space. It ia not content, however, with 
shaking loose enough planetary electrons to leave the 
remaining atomic structure neutral, that is, satisfied 
in total number of protons and electrons. It appears 
to dislocate several elections and so to leave behind 
it an atomic structure reduced by two in atomic 
.number and by more than two in number of planet- 
ary electrons. 

The effect is experimentally obs^^able because of 
the phenomenon of recoil When the alpha particle 
«iipt8, it kicks back the structure from which it pro- 
ceeds. Because of the larger mass of the system 
which is left the speed of its recoil is mudi less than 
that of the lighter alpha particle. It suffices, how- 
ever, to permit a segr^atJon of the two products of a 
radioactive disturbance. 

The electrons, which Hie departing alpha particle 
drags from ite own original atomic surroundings, 
wander about as free electrons or are acquired by 
neighboring atoms whidi thus become quantitativdy 
unsatisfied. IVom them, or from other structures 
with excess electrons, the atomic system, which re- 
sults from the emerg^ice of an alpha particle, may 
later acquire sufficient electrons to be quantitatively 
satisfied. The number which it thus adds will be 
such as to make the number of planetary electrons 
equal to the new atomic niunber. The diuntegra- 
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tion product, tbwefore, of an emis^on of alpha par- 
ticles ia a Efubstance with the atomic number and also 
the configuration of planetary electrons which cor- 
reepond to a position in the periodic table in Ihe 
second place below that occupied by the atomic 
system of the original substance. The atomic mass 
of the disintegration product is, of course, four units 
less than that of the original atom, because each 
alpha particle removes four protons. 

An oppo^te type of change occiurs wh&a a beta 
particle is ejected from the nucleus of a radioactive 
atom. The atomic numbw is increased by one, since 
the excess of protons in the nucleus is increased by 
the subtractiou of an electron. In the planetary 
system of the atom th^e is then an excess of one 
electron over the number necessaiy for quantitative 
satiflfaction of the eystem. The extra electron ia 
loosely held and therefore it is shortly acquired by 
some atom whidt wanders into the neighborhood. 
The net result is an increase of one in the atomic 
number and a configuration of planetary electrons 
which corresponds to the new atomic number. The 
disintegration product of a radioactive change 
which is accompanied by the expulsion of an electron 
is therefore isotopic with the atomic system of 
numbw next hig^w than the original system. The 
expulsion of an electron, however, is unaccompanied 
by any appreciable change in mass, for we consider 
the mass of an atom to be due essentially to the pro- 
tons which eater into its nuclear construction. 

A glance at the diagrammatic representation of 
the periodic table which is given on page 33 shows 
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that the atom moves two places (clockwise) if there 
is expelled an alpha particle and one place (counter- 
clockwise) if a beta particle is expelled. Two suc- 
cessive expulsions of beta particles will th^^fore 
neutralize the effect of one expuluon of an alpha par- 
ticle so far as concerns position in the table. It will 
not neutralize the change in mass, however, for the 
"beta ray" change, as it is called, is without effect on 
atomic mass, while the "alpha ray" change produces 
a reduction of fotu* units in atomic mass. 

It therefore happens tiiat a radioactive substance 
may under^ such a succession of changes as to pro- 
duce a substance isotopic with the ordinal substance, 
chemically indistinguishable, but four units less in 
atomic weight. This is true, for example, in the case 
of uranium which ejects an alpha particle, forming 
Uranimn Xr, as it is called. This substance ejects 
a beta particle, forming Uranium X^,, and the latter 
ejects another beta particle, forming Uraniimi II, 
so-called, which is isotopic with uranium. 

Altogether some thirty-eight radioactive sub- 
stances have been discovered. All these, however, 
^d their places in the periodic table between urani- 
um, with an atomic number of 92, and lead, with a 
numba- of 82. All are products of the diantegra^ 
tion of two elementary substances, uranium and 
thorium. Radium, the most famous, is a product 
in the dimntegration series of uranium. In terms of 
these elements, uranium and thorium, modem 
science accounts for all the known radioactive 
products. 

The inner structure and history of the atoms of 
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any radioactive substance are not the same for all. 
There are points in the series of uranium, for ex- 
ample, whwe two distinct disintegration products 
may be formed. The entire series with its several 
branches is shown diagrammatlcally in Fig. 2. 
Changes produced by alpha raya are indicated by 
heavy arrows, and those of beta rays by lighter ar- 
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RadioELcttve TransfonnatiooB. Atomic numbers are given by 

the vertical scale. Alplia ray changes are indicated by heavy 

arrows. These decrease atomic number by two, and atomic weight 

by four. Beta ray changes are indicated by light arrows. These 

e atoniic oumber by one, but do not affect atomic weight. 



rows. All the substances in the same horizontal line 
have the same atomic number but may have differ- 
ent masses. 

From this diagram it appears that there is a rel- 
atively large number of isotopes of lead, for the end- 
products of the various series fall in the place at the 
poodle table which is occupied by lead with its 
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atomic number of 82. Under ordinary conditions 
what we know as lead is a mixture of several of these 
isotopes and has an atomic mass which depends upon 
the atomic masses and proportions of its constitu- 
ent& 

Seva-al experimental studies have been made of 
lead derived from different mineral deposits to de- 
t^iuine whether or not such diffnences in atomic 
weigjit actually existed and conformed to the prob- 
able radioactive antecedents. For example, an ex- 
amination of the lead derived from Ceylon thorite 
gave 207.69 as compared to 207.2 which is the wdi- 
naiy value. This mineral contains 55 pw c^it of 
thorium, 1 to 2 per cent of uranium, and about 0.4 
per cent of lead, an amount so small as to be un- 
doubtedly of radioactive origin. The lead in this 
mineral ^ould be largely due to thorium unless the 
rate of disintegration of uranium is many times 
greater than that of thorium. Since it is only two or 
three times greater, the lead in this ore ^ould be 
about ten parts of thorium origin for each part of 
uranium origin. Other similar experiments have 
been performed on samples of lead with different 
radioactive antecedents, and atomic weights have 
been obtained which range from 206.1 to 207.7. 

Such experiments are but a small part of the care- 
ful, ingenious, and thorough study ^ of radioactive 
substances which has been responsible for the 
modem theory of isotopes. This theory has been 
corroborated by the discovery of isotopes among tiie 

'To this study the chief contributions have been made by 
Soddy aad Rutherford, To Uie former iji due the concept of 
isotopes. 
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atomic aystems of lowo* atomic niunbw. Some re- 
sults of such investigation vfere mentioned in the 
preceding chapter. The most potent method is that 
mvolving so-called "positive rays"^ but purely me- 
chanical methods sudi as diffusion have been used 
to produce a separation of isotopes. 

Within the last twenty yeai^ \he whole basis for 
our conception of matter has changed. Today we 
know no matter but only electricity. Our atoms 
are no longer "imcut" but are complex structures of 
protons and' electrons. Their masses are due to the 
protons and their chemical b^aviour to the plane- 
tary electrons which encircle the nucleus. From the 
standpoint of chemical behaviour there ara only 
ninety-two possible types of systems and these are 
distinguished by the excess of protons in their nuclM. 
Some of Ihese types include slanicturee of radically 
difEerent atomic mass, history, aod stabihfcy of nu- 
cleus. Those of unstable nuclear construction change' 
from type to type in confonuity with a definite law, 
shifting their poations at the praiodic table of elei- 
mental types. 

Such is the matta* with which the new science 
deals. AH phenomena of matter, such aa cohesion, 
vaporization, capillarity, elasticity, heat conductivi- 
ty, light and heat radiation or photochemical effects, 
must finally be explained in terms of a matt^ whidi 
is granular in structure and electrical in character. 
Unfortunatdy thwe remain today wide gaps in our 
knowledge. The first step, however, toward an ap- 
preciation of what is known is the consideration of 
those phenomena usually clashed under the tain 
"electricity." 



CHAPTER VI 

CONDUCTION OF, ELBCTBiaiT THBOUGH GASES 

In the preceding chapters the discuswon of atomic 
systems has been limited almost entirdy to those 
systems which are quantitatively satisfied, so-called 
normal or uncharged atoms. The abilities of 
various atoms to enter into molecular unions witii 
other atoms has been attributed to the unsatisfactory 
configurations of their plajietary electrons. In the 
formation of such unions configurations are attained 
which represent net increases in satisfaction or 
stabihty. The molecules so formed are, of course, 
satisfied also in equivalence of electrons and protons 
and are normal molecular systems. Under certain 
conditions, of which Chapter II contained an illus- 
tration in the dissociation of sodiiun chloride, a 
molecular system may split into two parts each of 
which preserves some satisfaction of configuration at 
the expense of a satisfaction in quantity. The 
separate parts are called ions; and one has an excess 
of protons while the other has an excess of dectrons. 

Whenever any body has an excess of protons, 
whether the body be of atomic size or as big as the 
earth, we shall say that it is "poatively diarged" 
with electricity; and similarly we shall call a body 
with an excras of electrons "n^ative^ charged." 
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Of ihe variouB possible waj^ of chargiiig a body witii 
electricity we BhaH consider first the so-called fric- 
tional method which originally excited attention to 
the peculiar prop^tiee of amber. 

Suppose two dissimilar substances are brought into 
close relations by rubbing. In gena*al th&te will be 
an appreciable difference between the substances in 
the matt^ of what constitutes a satisfactory con- 
figuration for the electrons of their molecules, for 
one may have a greater need for electrons than the 
other. Althou^ the surfaces may appear anooth 
tiie structure of their atoms is sudi that the act of 
rubbing two bodies together is really the act of 
crowding one planetary system into another or caus- 
ing one to paas through the other. There is every 
opportunity for some of the electrons to be displaced 
from their own planetary systcma and to join those 
of othCT" nuclei. The molecules of the system which 
has the greater need for electrons will gain or that 
which would more willingly assume a configuration 
with fewer electrons will lose. The net result when, 
the substances a^e separated is that one has more 
than its normal nimiber and the oth^ less; the first 
is negative and the second positive in charge. 

The classical substances are ^ass and silk, or cat's 
fur and sealing wax. The first of each pair acquires 
a positive charge and the second a negative charge. 

The act of separating the substances ia done 
against the attraction of the excess protons of one 
body for the excess electrons which are being left be- 
hind on the other body. The act requires work for 
the charged bodies tractate. If free to move into 
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contact they will do so, and the eledrcms whicii were 
foisted upon the unsuspecting electron^ative 
systems of one body will return to the electropoei- 
tive systems of the other, restoring the quantitative 
equilibrium. 

In their motion of returning to each other the 
charged bodies manifest energy. This enei^ is con- 
tributed during the act of separation, is potential 
while they are hdd apart, and is convrated into 
kinetic ene*^ as they move toward each other. At 
the moment of impact the kinetic energy of the 
electrified bodies is passed on to their invisible mole- 
cules, atoms, and electrical elements, contributing to 
them haphazard motions whidi we recognize as 
heat. Of such conversions or transferences of 
energy, however, more will need to be said later. 

Because two oppositely electrified bodies will so 
move toward each other and thus manifest energy 
we say that they possras when held apart a potraitial 
energy. Since we believe that energy is indestructi- 
. ble we measure this potential eaergy either by the 
energy originally required to produce the separation 
or by that which may be dwived from a return of 
the electrical elements to the nottnal ccuidition of 
equal numbers of protons and electrons. 

The return, however, need not be accomplished by 
tiie actual motion of the two oppositely charged 
bodies, which may indeed possess billions of normal 
atoms for every one which is chained. Any method 
which will transfer electrons from the n^ative body 
to the poalive will bring about the original stable 
condition. To all methods we give the gena^ name 
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of "electrical conduction" and to the medium 
through whidi conduction takes place we ascribe a 
(diaracteristic of electrical conductivity. With some 
of the methods of obtaining conductivity and with 
the correeponding medianisms for conduction the re- 
mainder of this chapter will deal. 

Whether by some adaptation of the crude method 
of electrification by friction, or by such more efficient 
means as dynamo-electrical machinery offers, we 
may give opposite electrical chains to two bodies. 
Such a condition is conveniently evaluated as a 
magnitude, known as electrical potential, which 
represents the potential energy of the last electron 
to be added to the negative body, and hence the 
energy which is released by the return of this elec- 
tron to its former home. There is something of the 
idea of mai^inal utility in this concept of electrical 
potential for we always measure it by the energy 
corresponding to the last electron to be added. The 
comparison, however, is without stigma. 

Whatever path this marginal dectron may travel 
in a return trip the total amoimt of energy thereby 
converted from potential into kinetic is always the 
same and its value is the electrical potential between 
the two charged bodies. The movement of an 
electron from a n^ative to a positive body is a 
descent from a height, from a place of high potential 
energy to a place of zero possibilities in energy. As 
it falls it acquires kinetic energy and the potentiali- 
ties are decreased. In steep places the conversion is 
rapid, not necessarily with respect to time, but rathw 
with respect to space. Just as we meaeure the 
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grades of roads in feet of descent per mile of length, 
so we measure the "potential gradifflit" by the de- 
crease in potential for each centimeiter. In all the 
phenomena of condijction of electricity the impor- 
tant magnitude is this potential gradient, for it is 
the space rate at which a body, carrying an excess 
proton or an excess electron, will acquire kinetic 
energy. 

If conduction occurs between two oppositdy 
charged plates it may take place, depending upon the 
conditions, in any one or any combination of three 
distinct maimers. Tha% may be a motion of elec- 
trons from the negative plate to the positive, a mo- 
tion of protons in the opposite direction, or a 
friendly service on the part of molecular or atomic 
systems which lie between the two plates. The last 
case is that of conduction through gases and also 
through conducting liquids such as the salt solution 
to which refCTence was made earlier in this chapter. 

Ordinarily an atom or a molecule of a gas is in- 
capable of assisting in electrical conduction. To 
serve, it must be ionized, that is be split into two 
parte whidi are quantitatively unsatjsfied, one part , 
positive and the other negative. 

In any gas the various molecules are always in 
more or less violent haphazard motion. The greater 
the tempa-ature the higher the speed with which 
they are moving, for temperature is merely our con- 
ventional term for expre^ing the degree of thermal 
agitation of the molecules of a substance. Each 
molecule travels in a straight line until its approach 
to another molecule causes it to swerve. There is no 



62 WITHIN THE ATOM 

real colliaion but rather a respect for each othw's 
^h«« of influence which results in a mutual change 
of direction when these spbo^s are in dang^ of col- 
lision. On the average between successive adapta- 
tions to the presence of its nei^bors a molecule 
travels a distance relatively large as compared to its 
own size. 

Now let US suppose that in the space betwe^i these 
widely separated molecules there are some free elec- 
trons, that is electrons which have been di^odged 
from their original atomic systems. These also 
wand^ about, choosmg the easiest way and usually 
avoiding difficulties although an individual electron 
may now and then strike into the planetary system 
of a molecule and become attached to it.^ If it does 
we have a n^atively charged molecule; if it does not 
we have a free electron. In eithw case we have a 
very different phenomenon as soon as this gas is 
placed between two plates whidi are oppositely 
charged. Then there is added to the haphazard 
motion of the free electrons, or of those molecules 
which have acquired a negative charge by adding an 
electron, a directed motion due to the chained plates. 
Only those molecular systems which are uncharged 
are uninfluenced. 

Eadi of the charged molecules or ions, as they 
should be called, now finds itself at some point or 
other along a path between the plates and starts to 
fall from this point toward the positively charged 

'Whether or not the atoms or moleculea of the atmosphere 
BCqviire Uiese wandering electrons dependa upon their type. Inert 
gasBS certainly can not; gases like oxygen, nowever, caD because 
their atoms have external ^ells incompletely filled by electrons. 
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plate. If the potential gradient is small the result 
is mraely a drift of the negative ions and electrons 
toward this plate as a goal. A possible comparison 
is the guided drift of a herd of cattle which a randier 
is leisurely driving across the plains. 

The lai^r the potential ^^irait at any point, 
that is the more rapidly a negative ion or an electron 
falls toward the positive plate, the greater is the 
possibility of its plunging into the atomic system of 
some molecule, which may be in its path, and gea- 
endly dislocating this system. If it falls far enou^ 
to acquire a certain d^nite amount of enei^ it will 
knock^ an electron loose from the molecule with 
whidi it collidee, and then continue on its own way 
toward its positive goal. As soon as it has again 
fallen far enougji to acquire the necessary energy it 
is ready to ionize another molecular system. 

Each time it does so it leaves behind a free electron 
and a positive ion, that is a molecular system which 
has lost an electron and so has an excess of protons. 
These also take up directed motions, the electron 
moving toward the positive plate and the positive 
ion moving in the opposite direction. Both of these 
newly formed systems are able to ionize uncharged 
molecules with which they collide provided that be- 
tween successive collisions th^ fall sufficiently far 
to acquire the necessary amount of energy- 

The process is obviously cumulative; and what 
starts as a drift of the occasional unemployed elec- 
tron becomes a stream of oppositely directed and op- 
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pomtely charged particles, both ions and electrou& 
A current of electricity is now said to be Bowing be- 
tween the two plates. The net effect of the motions 
of these ions and electrons is to cany protons to the 
negatively charged plate and electrons to the posi- 
tively charged plate. When a positive piseous ion 
reaches the n^ative plate it acquires from it an 
electron which satisfies its own requirement and re- 
duces the unsatisfaction of the n^ative plate. Simi- 
larly the electrons which arrive at the positive plate 
join its atomic systems and reduce their unsatisfac- 
tion. 

In describing this general phenomenon of tiie con- 
duction of electricity throu^ gases we have as- 
sumed, first, the presence in the gas of some free 
electrons or negative ions, and second, a potential 
gradient between successive collisions sudi that these 
ions acquire sufficient en^^ to ionize the gas mole- 
cules with which they collide. 

The first condition is always met by the atmos- 
pheric gases above the earth, for it so happens there 
is a sufficiency of radioactive transformations ^ al- 
ways going on within the earth to provide a fair 
number of electrons in each portion of tbe atmos- 
phere. These electrons are wrenched from their 
original atomic systems by the so-called gamma rays 
which usually accompany the beta rays. While the 
beta rays are not rays at all but are expelled electrons 
the gamma rays are strictly a radiation of energy 

' Electrons are also freed in large numbers by the ultra-violet 
rays from the sun. This is a more important BOtirce. The 
phenomenon is mentioned later and also coneidered in detail in 
Chapter XI. 
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similar to light radiation, but moet closely allied to 
X-raya Ordinary matter is not very opaque to 
these radiations, which are extr^oiely penetrating 
and thus ionize gases far from their source. The 
second condition is usually within, the control of the 
expCTimenter, for electrical potentials of a wide range 
of values are possible by the use of electric batteries 
or dynamos. 

The amount of energy which must be acquired by 
an electron or ion in order, by its impact, to ionize 
a normal molecule or ato^ is dependent upon the 
character of tiie lattra. It is obvious, for example, 
that the ionizing potential which is required for the 
disruption of an sAcm. of helium, or of any other inert 
gas, into a free electron and an atomic system which 
is positive by virtue of a lost elect*T)n, will be plater 
than that required for the ionization of some electro- 
positive element, hke sodium, where the system 
contains one electron more than its most stable con- 
figuration would require. The ionizing potential de- 
pends upon the electronic configuration of the atom 
or molecule in much the same way aa does the 
chemical valence. 

There are many interesting phenomena connected 
with the conduction of electricity through gases 
which merit and will receive later some discussion. 
For example, the oppositely directed streams of posi- 
tive and negative ions may have collisions among 
themselves which result in the formation of un- 
charged molecules. On the other hand, the impacts 
of collision may be insufficient to cause ionization 
and yet be sufficient to cause such a readjuslment 
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of the electrooic constitueDts of the atom ae to result 
in a radiation from it of I^t with a characteristic 
color. The charactmstdc radiation whidi is emitted 
by the molecules of the gas is not entirely visible to 
the humaa eye for some of it lies beyond the violet. 
These ultrarviolet radiations are enable of shaking 
loose electrons of substances upon whidi they im- 
pinge. Wh^i, therefore, they strike the negative 
plate and so shake loose electrons from some of its 
atoms, the freed electrons are repelled from the plate 
into the surrounding gas where they take paths to- 
ward the positive plate. 

At the negative plate electrons may be freed if the 
impacts of the positive ions are sufficient to disrupt 
the atomic systems of which the plate is composed. 
The bombardment of the plate results also in a gen- 
eral thamal agitation of its constituents which is 
manifested by a rise in temperature. 

Before discussing some of these ph^iomena in 
more detail a few words should be devoted to that 
type of conduction which occurs when molecular 
systems dissociate in solution. The example which 
was given earher is that of sodium chloride. Quite 
a large ^x)up of chemical compounds will dissociate 
in this manner and th^e are known as ionogens or 
electrolytes. They may be divided further inte three 
classes. The first of these, known as acids, give as 
one product of the dissociation powtively charged 
ions which are nothing roore or less than protons, al- 
though they are commonly known as hydrogen ions. 
They are hydrograi atoms whidi have each lost an 
electron to their previous partners in molecular 
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union. An example would be hydnxMoric acid, 
HCL The Becond type yields amative ions, OH, 
which are composed of one oxygen and one hydro- 
gen atom in a molecular union, but have retained 
one electron from iheJr fonner asaociatea Such 
compounds are called bases. An example is sodium 
hydroxide, that is, caustic soda, which is symbolised 
as NaOH. The third type, known as salts, is the 
result of mixing solutions of an acid and a base. 
Under these conditions the positive and negative 
ions, H and OH, combine, as often as they meet, to 
fmin HjO and the other ions when they meet form 
molecules of a salt which may or may not be solubia 
Of this type NaCl is mi elxample. 

The dissociation is not the result of collisions or 
of ionization in any way similar to that discussed 
above for gaseous molecules. It is in the miture of a 
spontaneous parting of the molecular system because 
of the attracting influences of the neighboring mole- 
cules of water. The ions tien pursue haphazard 
paths in the same way aa do all the molecular 
systems whidi compose the liquid. If oppoaiteiy 
(^ai^^ plates are immo'sed in the electrolyte, the 
ions are given directed motions in addition to their 
own natural haphazard motions. The positive ions 
proceed to the n^ative plate and the n^ative ions to 
the other plate. When they make contact mih 
these plates their quantitative unsatisfactions are. 
appeased and they become uncharged atomic or 
molecular structxares. In this form they are eitha* 
d^>outed on the plates or liberated as bubbles of 
ga& 
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With certain electrolytes there may occur second- 
ary diemical reactions so that the substance which is 
liberated at the .plate is not that which traveled 
through the solution as an ion. For example, when 
the electrolyte is dUute sulphuric acid, that is HjSO* 
and H,0, the two hydrogen ions, each H, travel to 
the n^^tive plate and there are liberated as hydro- 
gen gas. Tlie sulphate radical, SO4 after delivmng 
two electrons to the positive plate, combines with a 
water molecule to form more sulphuric acid. The 
oxygen atom thus released then joins with another 
atom of similar eixperience to form a molecule which 
appears as oxygen gas, Oi- By means, therefore, of 
the electric current and the secondaiy diemical 
action, water is decomposed into its chemical con- 
stituents. 
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CHAPTER VII 

CONDUCnON THBOUGH SOUDS AlfD OTHER 
ELECTRICAL PHENOMENA 

In solid bodies the molecules or atoms are re- 
stricted in their motions and do not wander from 
one part to another as do the molecules of liquids 
and gaaes. Through solids, therefore, the conduc- 
tion of electricity can occur only as the result of the 
motion of electrons. The solid substances which 
conduct electricity best are metals, the elements 
whose atoms are most prone to part with an electron, 
These require the smallest potential relative to the 
ensuing stream of electrons. 

The atoms of metals apparently do not form poly- ■ 
atomic molecules, so that in conduction through 
, metallic sohds we have to do only with atoms. The 
close grouping of atoms in solids is probably re- 
sponsible for a certain freedom on tiie part of their 
electrons since it may mean that some of the planet- 
ary electrons of one atom are at times within the 
sphere of influence of another atom. In that case 
they might serve a dual purpose of partially satis- 
fying tiie claim of their own nuclei and that of the 
adjacent atom. By such double service they would ~ 
release other electrons of their respective atoms for 
more or less free wandering throu^out the sub- 
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stance. The latter electrons would be akin in free- 
dom to the molecules of a liquid and would be 
restrained from excur^ns beyond the solid by the 
attractions of the nuclei of the surface atoms. Under 
certain conditions, as we shall see on page 73, some 
may pass beyond the surface and appear in space as 
free electrons. 

We mi^t form a picture of a solid conductor of 
electricity by imagining an ^lonnous badiet ball 
court on whidi thw^ are disposed a large numbw 
of players. Eadi is assigned to a relatively small 
circular space within which he is free to move. The 
space may, however, overlap somewhat those as- 
signed to his ne^bcffs so that even within his own 
circle a player's movements are sometimes restricted 
by the necessity of avoiding a collision with a neigh- 
bor. A lai^ number of basket balls are being teased 
rapidly about from playw to player. The latter 
correspond to the atoms and the balls to the wander- 
ing electrons. There is always activity but the balls 
only fly wUd, beyond the boundaries of the court, 
when thCTe is a very considerable (thermal) agita- 
tion, as will be explained later. 

Now suppose that eat^ second we t^row into the 
court at one end a lai^ nimiber of balls and with- 
draw an equal number from the opposite end. We 
do not alter the number within the court at any in- 
stant, but we do require that the haphazard motion 
shall be largely superseded by a directed motion. 
This in effect is what happens when there is a "po- 
tential between the two ends of a solid 'conductor. 
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Each atom-pl&yer must pass to one of his neighbors 
who is nearer the positive goal. 

Usually this is mcMt effectively accomplished if 
the players are not dashing about too rapidly and 
moving too far. On the other hand, as the thermal 
agitation increases thwe seems to be more difficulty 
in seeming the paasage of the same current, that is 
the same nmnb^ of electrons a second. A higfaw 
potential is required or there is a lower current for 
the same potential. Under these conditions we say 
that the conductor has a h^^er electrical re^stanee. 
For most substances the resistance increases as the 
temperature rises. 

Conversely, as the temperature is lowered the re- 
Mstance decreases. The decrease is a definite frac- 
tional amount for each d^ree of temperature, and 
indicates an extremely low temperature, at whidi we 
should expect no resistance but instead p^ect con- 
ductivity. This temperature, which is the absolute 
zero and is discussed on page 173, has never been at- 
tained, although closely approached. It represents 
a condition in which there is no thermal agitation of 
the atoms of the substance. Und^ these conditions 
the atoms would be closely padted tc^ethw and an 
electron could be passed from one to the other with- 
out requiring that it should ever pass beyond the 
influence of an atomic nucleus. 

Under ordinary conditions it is believed that an 
electron shoots clear of its original atom and pro- 
ceeds across free space until it comes into the sphere 
of another atom, just like the basket ball of our 
illustration. To free an electron from an atomic 
, _ . .Cookie 
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structure requires an expenditure of ener^ and ac- 
cording to the most recent theory, that of Bridgman, 
the solid offers resistance because the electron must 
txavd gaps between atomic systems. Within the 
sphere of influence of an atom the electron is be- 
lieved to move freely. Upcm this basis, and sup- 
ported by many experiments, Bridgman is develop- 
ing an apparently satisfactory theory of metallic 
conduction. According to this theory, when the 
atoms no longer dash to and fro they may be .so close 
that an electron passee from one to the next essen- 
tially without crossing any gap. 

Some substances, however, usually relatively poor 
conductors, decrease in electrical resistance as their 
temperature is increased. In such a case it is prob- 
able that the electrons are not so easily diet from 
one playw to the next and a sort of hand-to-hand 
transfer is required. If the player-atoms are already 
too far apart for such an opwation it may be facili- 
tated by giving them greater amphtudee in their 
vibratory notions. This phenomenon occurs in the 
case of the carbon filament of the old-style electric 
lamp. When cold, and first connected to the electric 
li^t mains, it offers a larger resistance than it does a 
momwit lat^" when it is heated by the current. 

Any conductor is heated by an electrical current 
A stream of electrons can only be passed through a 
conductor as the result of an expenditure of energy 
upon the part of the system which establishes or 
maintains the potential. During the passage of a 
current the potential energy of the source is con- 
voked into kinetic energy of the carries of the elec- 
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tricity — the electrons, in tiie case of Bolids. These 
by their impacts transfer to the intervening atomic 
stnictiires tiie energy which they have acquired. 
Heat always results and sometimes light. In con- 
duction throng solids, howevw, light is always an 
indirect result of the increased thermal agitation and 
is not the direct result of recombinations of electrons 
with positive atomic structures, as it is in tiie case of 
conduction through gases. Light occurs as the tem- 
perature rises, and even melting may occur if suffi- 
cient energy is expended in the conductor. 

Many degrees below the melting temp^^ture, 
howevffl", when the solid is red hot or inoandeecent, 
there is evident a phenomenon which well corrobo- 
rates some of the statements made above. Suppose 
we have a wire, or rather a portion of it, in an evac- 
uated vessel, as in the case of an incandescent lamp 
bulb, and heat the wire by an electric current. As 
the temperature increases the violence of the motions 
of the electrons, which serve for conduction, also in- 
(Teafies. Remembo' that these motions are hap- 
hazard although they have a component in the di- 
rection of the positive plate. The progress of an 
electron along its course resembles that of the golf 
ball of an erratic but powerful driver, for more and 
more frequently as the temperature rises will some 
electrons be driven out of bounds. Those with suffi- 
cient energy and the proper direction of fli^t pass 
beyond the influence of the nudri of the surface 
atoms and appear in the space beyond as free or dis- 
lodged electrons. An electron which is emitted in 
this way is sometime called a "thenxaon." 
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Its' behaviour is qmte analogoua to that of a mole- 
cule of a liquid. We know that evaporation is in- 
creased as the temp^^ture of a liquid is raised and 
are inclined to think that it is restricted by enclos- 
ing the liquid. In a partly filled bottle, however, 
evaporation proceeds just as it would if the bottle 
were open except for the fact that the flinty mole- 
cules which evap(Hute have no place to go other than 
that immediately above the liquid. Here th^ soon 
become so congested that in dodging each other some 
of them get directed back toward the liquid surface. 
Striking that surface they take up again the no r mal 
routine of molecules in a liquid. If the tempa-ature 
is maintained constant a condition of so-called sta- 
tistical equilibrimn is soon reached in which there are 
just as many molecules evaporating each second as 
ihera are cond^ising back into liquid form. The 
same sc»t of a statistical equiUbrium exists whrai 
electrons are being thermionically emitted from a 
heated wire in a very hi^ly evacuated space. 

The equihbrium is displaced, however, if another 
wire or plate is inserted in the vessel and made posi- 
tive with respect to the heated wire by proper con- 
nection to a battOTy or dynamo. Then, the dedrons 
stream across the space to the po^tive plate, pass to 
the positive terminal of the battery and there ap- 
pease to some extent the unsatisfactjons which the 
activity of the battery elements manifest At the 
same time other electrons from the battery paas 
along a wire to the heated electrode and thus main- 
tain in it a normal supply of electrons. 
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This phenomenon was discovered by Edison many 
years ago althou^ it was about thirty years before 
efficient application was made of the principles in- 
volved. Today it is widely used in wire and wireless 
communication, and also in electrical meaeuremmte 
in diffwent types of industry, for the principle has 
heea. applied to the construction of an amplifier of 
electrical effects which is a veritable macvel of effi- 
ciraicy and deAicaxsy. 



Pia. 3 
The Tbennioiiio Vaouum Tube. Eleotroos emitted by a heated 
filament, F, are drawn acroaa a highly evacuated apace to a 
plate, p. The stream is very sensitive to changes in the electrical 
potential of the grid, G. The device is widely used in the Bell 
Sjnrtem as an amplifier of telephone currents. 

It is evident ttiat, by the thermionic emission of 
electrons at a heated electrode, electrons are secured 
for the conduction of electricity through a vacuum. 
By the introduction of a third electrode the stream 
may be controlled with an inappreciable expenditiire 
of enei^. The result is that a very feeble electeical 
effect may manifest itself by a very pronounced 



76 WITHIN THE ATOM 

chaDge in tiie current which passes through the 
vacuum. A device of this form is the "audion" — so- 
called by DeForeBt who introduced the third or con- 
trolling electrode. The combination of picture and 
diagram of Fig. 3 shows its practical features.* 

We leave this phenomenon, however, to continue 
oiu- discusMon of electrical currents in wires and to 
develop some ideas which are essential to the later 
text. Except at high temperatures, where the 
electrons may be "boiled out," the course of the 
electrcme is entirely controlled by the wire. Wires 
serve much like pipes for the guided flow of electrons 
and thus permit distinct streams of electrons to be 
brought very close to one another without mo-ging. 

This possibility is of great practical importance 
^ce parallel streams of electrons tractate. The 
tractation of parallel electron streams results in a 
tractation of the wires in which these streams are 
confined. Streams in opposite directions pellate and 
hence the wires which cany ihem are urged apart. 
J( streams are at right angles there is no reaction be- 
tween them. The phenomena, unfortunately, are 
as completely without explanation as are the funda- 
mental phenomena of the tractation of proton and 
electron or the pellation of two electrons or two pro- 
tons. 

The effect depends for its magnitude upon the 
length of the wires which are parallel, the intensities 
of the currents, and the distance between the wires. 

"The device haa been hifthly developed both in structure and 
application by the research physicists and communication eo- 
sineers of the Bell Telei^one System and of the General ElecMc 

Company. 
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The greater the lengths which are parallel and the 
greater the currents, that is the greater the numbers 
of electrons which slream through the wires ea*^ 
second, Ihe greater is the effect of attraction. It 
therefore happens that the effect may be enhanced 
by arranging each wire in the form of a coil, the suc- 
cessive turns of which will carry the same electron 
stream. Two coils of this solenoidal form are ^own 
in Fig. 4. If th^ are supported so as to be free to 




move it is found that they rotate ao that their loops 
are parallel and at the same time they move closer 
together so that they tend to form one long con- 
tinuous solenoid, the turns of which all carry parallel 
electron streams. 

The effect is very greatly increased by winding the 
coils on cores of socalled magnetic material, for ex- 
ample, iron, cobalt, nickel, or certain alloys for which 
the electa^)nic configurations are g^ierally similar to 
those of these elements. - The effect of the currents 
in the coils upon the atoms or molecules of the mag- 
netic cores is easily explainable if we assume rota- 
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tions for some or all of the planetary electrons of an 
atom of a magnetic substance. Suppose some of 
the electrons are revolving about the nudeus. They 
constitute a stream of electrons around a loop just 
as really as do the streams which travel the larg^ 
loops of the solenoids which we have been consider- 
ing. 

Each molecule or atom of a ma^etic substance 
will then act like a current-carrying loop and will 
tend to place itself so that its loop lines up with oth^ 
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Fib. S 

Equivalence of a bar magnet and a curTent-carrying Bolenoid in 

phenomena of attraction. 

cun-Kit-carrying loops. The effect of tiie current in 
t^e solenoid is to ori^it the individual atoms or mole- 
cules of the core so that as many as p(»»ible of their 
loops shall be parallel to those of the solenoid. 
Under this condition the core is said to be magnet- 
ized, and the combination of core and exciting sole- 
noid is called an electro-magnet. 

The orientation which the molecules of the core 
acquire by virtue of the magnetizing current in the 
solenoid is retained with more or less tenacity aftw 
the current has ceased to flow. The core is thus 
made into a more or lees permanent magnet. If its 
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ends are marked for reference and it is then with- 
drawn from the solenoid it will be found to replace a 
current-carrying solenoid and generally to behave as 
if it wa% a coaxial s^es of current-carrying loops. 
(See Fig. 5.) In all phenomena of mutual attrac- 
tion or reipulsion, magnets and current-carrying 
solenoids are equivalent. 



Fra. 8 
Intemction of magnetic field uid electron stream. The large 
current-carrying loop and the Bolenoid tend to place themselves 
coaiciatljr. The eSect is that the wire, AB, carrying the electron 
stream is pushed eidewise across the magnetic field between N 
mdS. 

In the case of magnetic materials we picture some 
or all of the planetary electrons as wgaged in circu- 
lar or elliptical motiona Adjacent molecules would 
then tend to orient themselvra so as to have their 
currrait loops in parallel We might therefore es- 
pect that in any piece of iron the molecules would 
of their own action have assumed such similar 
orientations as to have made the piece of iron a mag- 
net Sudi, however, is not the case. The mole- 
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cules have haphazard orientations, as may be veri- 
fied by placing one piece of ordinary iron near 
another and noticing that there is no attraction or 
repxilsion as there would be if the molecular cur- 
rents were not flowing "evay which way." The ex- 
planation is that the molecules have already formed 
themselves into a large number of small and fairly 
stable groups. For this reason heating and jarring, 
which increase molecular agitation, facilitate the 
process of magnetization of an electromagnet or 
the process of "self-demagnetization" by which its 
molecules reform self -satisfied groups which neutral- 
ize each other's external effects. 

All so-called magnetic phenomena are m«%Iy the 
interactions of parallel streams of electrons. As far 
as possible current-carrying loops intwact so as to 
place themselves parallel and coaxial and to have 
electron streams in the same sense, e.g. clockwise, or 
counts-clockwise, when viewed from a common 
point, not between the two loops. An application 
of this law, whi(^ is of im[>ortance in our later dis- 
cussion, is shown in Fig. 6. If a portion of a current- 
carrying loop of large size is placed between two 
coaxial coils, which are carrying currenta in the same 
sense, then the portion of the large loop is urged 
along a line at right angles to the axis of the fixed 
coils in a direction depending upon the direction of 
the current. The coaxial coils may contain cores 
and be electromagnets or may be replaced by per- 
manent magnets without prejudice to the expai- 
ment. 

Usually there is said to be a magnetic field of fcvce 
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between the two coils or magneto. The direction of 
such a field is taken as that in which the north-see- 
ing end of a compass needle would point. The direo- 
tion of deflection for the stream of electrons in the 
large loop will thea be rdated to this direction of the 
magnetic field and to the direction of the electron 
stream as is the thumb of one's ri^t hand to the 




Flo. 8 

The relative directions 
of magnetic field, F, of 
the motion, M, of a con- 
ductor, and of the in- 
duced electron stream, 
C, in the conducts. 



The relative directions of a. magnetic field, F, of an electron 
Btream, C, and of the motion, jM,.of the stream relative to the 
field. 

fore and center fingers, respectively, when all three 
digits point at right angles to each other. 

In the application of this rule, as pictured in Fig. 7, 
it must be remembered that so far as concerns this 
phenomenon a stream of positive ions is equivalent 
to a stream of electrons ui the opposite direction. 
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Parallel cuirenfs undea^ mutual deflectiona at 
ri^t angles to their directions. Does such deflec- 
tion altCT the currents? Always, fw every physical 
action has an equal and opposite reaction. The 
electron streams are momentarily affected by tiieir 
deflection in such a manner as to oppose tbe diange. 
If the currents in two parallel wires are in such direc- 
tions as to cause an attraction of the wires, then 
during their mutual approach the currents are mo- 
mentarily decreased. 

For simplicity let us concentjute our attention on 
a single current, choosing that of the portion of the 
large loop of Fig. 6 which we know is deflected across 
liie magnetic field between the two solenoids The 
wire is deflected in the direction given by the right- 
hand rule of Fig. 7. If there were flowing in it a 
stream of electrons in the opposite direction there 
would be a tendency to the oppc^te deflection. If 
the actual deflection which takes place is to be ac- 
companied by a reaction, this reaction may be ac- 
complished by the setting up of an oppoong stream 
of electrons. Such a counter stream will result in a 
reduction in the net ntmib«' of electrons which are 
being transferred along the wire. The current, 
therefore, is reduced momentarily, that is as long as 
there is a deflection of wire. 

Now suppose that the wire carries no currait and 
that by some external means 'it is caused to move 
across the field between the two solenoids of Fig. 6. 
Let its direction of motion be the same as before. 
The or^^nal stream of dectrons no longw eadsta but 
the induced stream comes momentarily into ezistr 
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ence just as before and its direction is such as to op- 
pose tiie cause indudng it. 

The relations of direction of motion, direction of 
field, and direction of the induced stream of electrons 
will be identical with that pictxued in Fig. 7, except- 
that the direction of the electron stoeam is reversed. 
By using the left hand, however, as shown in F^ 8, 
the directions may be represented by the same sym- 
bols as before. We may call the left-hand relations 
those for the loducbion of eledi^nic streams and the 
ri^t-hand relations those for the deflection of elec- 
tronic streams. 

It is this phenomenon of the induction of elec- 
tK)nic streams which is used to such industrial 
advantage in the so-called "generation of electricity" 
for power purposes. By rotating machinery, coils of 
wire are kept in motion across magnetic fields and 
thus tiiece are obtained streams of electrons which 
may be guided by wires to points where the «iergy 
of the moving electrons may be utilized. 

The utilization may involve the phenomenon of 
the attraction of parallel streams of electrons in 
motors where the dectron streams cause coils of wires 
to rotate relative to electromagnets. In many cases 
the utilizatjcm involves the release of the eaeigy of 
^e electron streams in the form of the heat and 
light which results from the impeded progress of the 
electrons through wires which offer hi^ resistance. 
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CHAPTER Vni 

THE FBOOF FOB THl EXIBTBNCB OF AN BLBCTBON 

Omt knowledge of the int^'acUonB of magnetB 
dates from Gilbert, the Elizabethan phy^ciao; our 
knowledge of the int^actions of a ma^et with an 
electric current, or of current with current, started 
with Ousted in the early nineteenth century; and 
our knowledge of electronic structures has heen al- 
most entirely a twentieth-century development. It is 
natural, therefore, to say that electric currMita pro- 
duce magnetic effects. Magnetic properties were at- 
tributed to cmrenta in ordw to explain their inter- 
actions. Today, however, we incline toward the 
explanation of the properties of so-called magnetic 
substances in terms of revolutions of the electrons 
within their atoms, although we do not know defi- 
nitely the nature of these revolutions. 

The ch^nical prop^ties of atoms, which w»« dis- 
cussed in Chapter III in connection with the periodic 
table, are most easily explained if we assume the 
planetary electrons to be located in fairly definite 
positions. The magnetic prop^^es are best vizual- 
ized if we assume electrons to be rotating. The 
emission of lig^t, as we shall see later, requires that 
the electrons shall be in rotation and that their orbits 
shall change under various conditions. So far no 
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satisfactory picture has been presented, although for 
the simpler atoms of hydrogen and helium tiiece have 
been suggested atomic models whidi would have 
properties in agreement with those oba»^ed for 
these substances. 

Although we are in ignorance of the exact form 
of the paths pursued by the electrons in atoms we are 
perhaps justified in assuming that rotations do occur 
and in explaining so-called magnetic attractions by 
the interactions of electrons which are moving in 
parallel paths. If the paths are at right angles ^ere 
are no attractions. For intervening directions the 
attraction depends upon the components of the mo- 
tions which are parallel. The idea of a component 
is easily grasped when one realizes that if two bodies 
are not going in directions exactly at right angles to 
each other, they must to some extent be going in the 
s^ne direction, and, with equal truth, to some other 
ext«it at ri^t angles to each other. The extent to 
whidi one body is moving in the same du-eetion with 
a second is the component of the motion of the first 
in the direction of the second. 

The magnetic attraction which occurs between 
electrons with components of motion in the same 
direction is very probably one reason why such mu- 
tually repulsive entities as electrons can form a group 
about an innw nucleus. The magnetic attraction 
may partially offset the tendencies of the electrons 
to pellate and may thus assist the nucleus in retain- 
ing them wilhin atomic limits. It may also be that 
the protons and electrons within the nucleus are re- 
Btrained from flying apart by similar attractions. 

_ . .Cookie 
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To make tiieee attractive forces commeDsurable 
with the natural repulsions of similar electrical ele- 
ments would require high speeds for the elranents 
which are rotating and thus represwit lai^ energies. 
This would fit with the obsared facta as to the hi^ 
energies possessed by alpha and beta particles. The 
actual geometry of the atomic nucleus,^ however, is 
far in the speculative twih^t, although present 
scientific progress is ao rapid that the whole matt^ 
might well be explained within a few yeara 

In dealing with the interactions of electrical cur- 
rents it is usual to speak as if one current acted, on 
the oth^ and to neglect the reaction of the second 
on the first. To the acting current we attribute a 
magnetic field and thai speak of this field as acting 
upon the current in whidi we are intwested. It is 
in this terminobgy that one will find described the 
classical expHimeots which eetablished the electron 
theory with which modem science starts. Through- 
out all the original reports one will find the idea of 
fields of force, not only magnetic but so-called elec- 
trostatic fields. The latter are the regions near 
charged bodies and the direction of the field is taken, 
imfortimately, as that in which a podtive chaj^ 
would move. 

By applying magnetic and electrostatic fields of 
force to the streams of particles which are expelled 

' The moat recent evidence is that of C. J. Darwin (February, 
1921) who worked with Profeisor Rutherford in the latter'a 
experiments on the collision of aipha particlea with hydrogen 
nuclei. The evidence seems to support the idea that an alpha 
p&rticle has a shape something like a plate or disc with a diameter 
of 2.7 X 10-" cm. The evidence comes from experiments simi- 
lar to those described on page 113. 
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from radioactive bodies, there was obtained the first 
information that these were streams of particles or 
corpuscles instead of radiations as intangible and 
imponderable as those of li^t. In a magnetic field 
a stream of alpha particles is deflected in the oppoEdte 
direction from a stream of beta particles, and the 
same is true for an electrostatic field such as exists 
between two oppositely chained plates. The proof 
of the existence of electrons, however, was reached 
largely by the study of so-cajled "cathode rays." 

The ori^ of the latter phrase ia explained as fol- 
lows: In the study of electrolysis, that is the con- 
duction of electricity through liquids which was dis- 
cussed in Chapter II, two terminal plates are inserted 
in the liquid. The positive plate was called the 
anode and the negative the cathode since it was 
assumed that electricity flowed up to one and down 
to the other. The terms have been retained and ap- 
plied to the terminal plates in conduction through 
gases. 

We remember also from our discussion of gases 
that electrons are lib^ated at the negative plate 
when there is a sxifficiently sev»« bombardment of 
this plate by positive iona If the tube containing 
the gas through which conduction is taking place is 
not too highly exhausted a relatively large numbw of 
gas molecules are present and may be ionized. On 
the other, hand, if it is not so little exhausted that a 
gaseous molecule is stopped by collision before it 
travels a distance, representing a potential difference, 
suflicient to acquire the necessary energy, then the 
impacts of the positive ions wiU liberate electrons 
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from the cathode. Theae shoot off into space, re- 
pelled by the negative plate from which they are 
derived. Their enwgy comea from the battery 
wbidi keeps &B cathode negative, by forcing uprai 
it electrons far in excess of ita possibilities of getting 
rid of them. Electrons may be freed from the 
cathode and so made available for conduction 
throuf^ the tube only by the bombardment of the 
positive ions (or by other agencies, like ultra-violet 
l^bt, which do not concern the preeent case). 




Fia. S 

Croes-aectjcm of apparatua for examimition of cathode rayi. 

The cathode stream from C passed through the tubular anode, A. 

It was deflected by the magnetic £eld into the vessel, V, tat 

vrhich an electroscope, E, then indicated a negative charge. 

The result is a steady stream of electrons, fiying 
from the cathode with velocities whidi may be al- 
most as enormous as that of light. These constitute 
the "cathode rays," as they were first called. Whra^ 
they impinge on the glass of the tube th^ cause it 
to phosphoresce, and thus their paths may be traced. 
Many of the electrons travel strait for the powtive 
terminal, or anode. If the latter is made hollow, or 
perforated, many will pass stjaight through with al- 
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most no regard for its attracting excess of protons 
for they are going too fast to stop. The result is, 
that a "beam" of cathode rays is available for experi- 
mental study in the space beyond the anode, as 
shown in Fig. 9. 

Throu^ this ^ace the beam travela straight 
except as deflected, for example by magnets set out- 
side the tube so as to establish a magnetic field at 
right angles to the stream. In one of the original 
experiments of J. J. Thomson the beam was deflected 
into the hollow metal vessel, V, shown in the figure. 
The direction of deflection indicated that the beam 
was a stream of negative particles. Further evi- 
draice came from the (^arge which the beam gave to 
the vessel V, for the latter was found to be negative. 

You will remembCT, however, that it ^ould also 
be possible to deflect the beam by placing above and 
below it oppoatively charged plates. If the upper 
plate is made positive the stream of electrons should 
be attracted toward it and repelled by the Iowct 
negative plate. By subjecting the beam to this In- 
fluence the effect of the magnetic fleld can be 
counteracted, provided that there is maintained a 
c^lAin relation for the intensities of the electrostatic 
field which deflects upward and the magnetic which 
deflects downward. It happens that the ratio of 
theee intensities depends only upon the velocity with 
which the particles in the stream are moving. By 
such a balancing of deflections, therefore, Thomson 
was able to determine the velocity of the particles. 
His apparatus is shown in Fig. 10, 

Up to this time the electron was unknown and 
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electricity had been measured in other units than 
! this natural unit. He next sought in tenns of exist- 
ing unite to measure t^e charge which each particle 
carried. However, it waa not then known how to 
measure thia quantity directly, and the method he 
devised gave the relation of the charge on the particle 
:^ to ite mass (inertia). 

He found this ratio by observing the deflection 
whidi was produced, when only the electrostatic field 
was active. Each electron in t^e stream braves 




Cross Section at XX' 



Apparatus ueed by J. J. Thomson for determining properties of 
cathode rays. Electrons from C pass through A to the screen, P. 
The magaets and the plates deflect the stream up or down, 
depending on their respective polarities. 

like a bullet shot in a horizontal line and the plate 
toward whidi it is attracted acts like the earth with 
its gravitational pull. The constant pull gives the 
particle an acceleration toward the plate just as in 
the case of a bullet and the earth. The accelCTation, 
however, d^Kids upon the charge, for it is by virtue 
of the diarge that the particle is attracted toward the 
plate, and upon the mass or unwillingneaa to be ac- 
celo'ated. From the horizontal and vertical dimen- 
sions of the parabolic path which the particle pur- 
sued Thomson determined the ratio of its charge to 
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ita maae. It was found to be about 1700 times the 
^milar ratio for the hydrt^n ion which takes part 
in electrolytic conduction. 

An approximate valxie for the mass of tiie particle 
in a catiiode ray was then obtained upon the asEump- 
tion Ihat the ion of hydrogen is essentially the same 
in mass as tJie hydrogen atom and that the charge of '■ 
electricity whidi it carries is equal but opposite in 
kind to that of the particle under examination. 
. Upon this assumption the mass of the imknown 
particle was obtained as one-seventeen-hundredth of 
a hydrogen atom, since its mass must be that much 
smaller in order to make the ratio of diarge to mass 
correspondingly larger. 

Methods for detennining the unknown diai^ on 
the particle were soon devised and one by Townsaid 
was widely used. The latter knew that not all the 
gas which escapes at an electrode in an electrolytic 
action, like that desCTibed at the end of Chaptra- VI, 
is composed of neutral uncharged molecules. Once 
in a million times or so a molecule may carry away a 
charge, the result, apparently, of hasty combination. 
Whether the molecule gets out into free space with 
one too few, or one too many, electo>ns is not acci- 
dental but is characteristic and depends upon the 
electrolyte from whi(di the gas rises. 

If the air above the electrolyte contains moisture, 
that is molecules of water wandering about like 
molecules of ordinary gas, then the chained mole- 
cules act as centers of attraction for the water mole- 
cules. The latter a^r^ate about the charges, 
forming small drops which appear as a cloud. The 

. .oogle 
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natural aasumption is that in such a ccmdensatioii 
tiie niunb^ of dropleta is equal to the numb» of 
centers about whidi drops can fonn. Townsend 
therefore calculated the number of drops in the 
cbud, measured the electrical eharge involved, and 
thus found the chai^ per drop, that is the deeired 
elemental charge. 

The numb^ of drops was obtained by calculating 
the amount of water in eadi drop and then dividing 
this into the total weight of the entire cloud. The 
latter was found by pas^g the cloud through tubes 
filled with chemicals, which took up the water, and 
obsaring their increase in weight. The volume of 
the drops was calculated on the ba«s of earliw work 
by Stokes who had expressed quantitatively the law 
for the descent under ^avity of small drops. The 
smaller the drop the more abwly does it falL Such 
drops as formed the clouds with whidi Townsend 
worked will take about half a minute to fall through 
an inch of air. By observing the rate of fall of the 
entire cloud the av^-age size of its drot» could be 
computed and hence thar wra^t obtained. 

To measure the total diarge whidi the cloud car- 
ried thra^ was used a cahbrated electroscope, or elec- 
trometer, as it is called. This instrument has proved 
of great usefulness in most of the experiments which 
have led to ihe present state of our knowledge of 
electrons and radioactive substances. In simplest 
form it consists of a vertical metal strip to which is 
attached a light gold leaf. The metal strip is insu- 
lated from the protecting case throu^ which it pro- 
jects to an external knob. 

L,:,-zi;i:,C00gIC 
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If a charged body is brought in contact with the 
knob Uiffl^ is a transfer of electrons eitJier to the, 
knob or from it. Let us suppose the body n^ative. 
Then electrons pass to the knob and because of mu- 
tual repulsions pass down into the metal strip and 
its gold leaf. Th»« their repulsions result in the de* 
flection of the gold leaf which stands out at an angle 
from the vertical. When tJie charged body is re- 
moved some of the electrons at the bottom of the 
atrip are repelled back to the knob and the leaf drops 
a little to a new and final position which i^ maintains 
except as the chai::ge on the system is neutralized by 
stray ions in the air about it. 

If now another char^ body is brought near but 
not into contact with the knob two different actions 
are possible. If the new body is negative Ihe 
electrons are again repelled into the extremities of 
the strip and gold leaf and there results an increased 
deflection. On the other hand if the new body is 
positive its excess of protons attracts electrons to- 
ward the knob and the number at the bottom of the 
■ system are no longer sufficient to maintain the 
former deflection so that the leaf falls back. 

The same effect is, of course, produced if a charge 
is added to the gold leaf system by direct contact of 
the chained body with the knob. The only difficulty 
is that if the chai^ is of opposite kind to that al- 
ready on the systeni it may neutralize that cdiarge, 
allowing the leaf to drop, and instantly recharge the 
electroscope with the opposite kind of electricity, 
causing the leaf again to stand out from its support. 
By proper care, however, the change in deflection of 
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the gold leaf may be made not only to indicate the 
kind of chai^ but also to measure its amount. By 
eadx a method Townaend det^mined the total 
diarge on his cloud. 

The aeries of ©xpMimenta described above w«e 

sufficient to establish tlie fact that cathode rays are 

, streams of n^ativdy charged particles, each with a 

I diarge like that of the hydrogen ion in electrolyMS, 

; and a mass about one 1700th of that ion, and also to 

determine in terms of the standard imite the chai^ 

on individual particles. With the conclusion of this 

series the existence of the electron was established. 

Expmmentfl of this charact^ are obviously com- 
plicated since they generally involve a number of 
necessary subsidiary experim^ite aa wdl as mathe- 
matical formulation and a careful use of units. In 
this book we shall describe only a few. One, which 
deserves immediate attention, is Millikan's method 
for determining the value of an electron in terms of 
the earli^ accepted units for electrical charge. 

Millikan's work, extending from 1907 to 1917, was 
a series of ingenious experiments, each more simply 
direct than the preceding and adapted to giving more 
precis© results. In one of these, instead of a cloud, 
he used a single drop under conditions which ehrai- 
nated the properties of the drop itself and of the 
medium in whicdi it was placed and gave direct indi- 
cations of the electrical dhaige which the drop 
carried. 

The principal features of his apparatus appear in 
Fig. 11. Between the two parallel plates, M and A'', 
a droplet was introduced by spraying oil from an 
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atomizer into a chamber above. Drops about one- 
ten-thousandth of an inch in diameter were thus 
formed. As these fell slowly through the chambM" 
one would find its way tiirough the small hole at p 
into the space between the plates. Here it was 
made viable as a bright speck, by a powerful stream 
of light, just as particles of fine dust in tbe air are 




Fia. u 

Cross-section of MiUikan'H apparatus for meaeurmg the ele- 
mental charge of electricity (the electron). An electrified oil drop 
between the platea M and N laila or tieea, depending upon the 
electrical condition of these plates, and this is controllable by the 
battery, B, and the switch, S. 

made visible by a transverse beam of sunlight. Its 
motion was oba^red through a small telescope and 
was timed by a stop watch or a chronograph. 

Between Ihe plates an electrical potential was ap- 
plied by a battray, B, so arranged -with switches, S, 
as to permit making either plate poutive and tiie 
other n^ative. The drops acquired chaises by fric- 
tion as th^ left the atomizer. The plates, howevw,, 
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were not charged until a drop was se^i in the field of 
I view of the telescope. As long as the plates remained 
: uncharged the drop would fall slowly, about one thir- 
! tietb of an inch a second. Connectbig the plates to 
tiie battery would result in a change of speed. If 
I the charge on the drop was the same kind as that of 
i the upp^ plate it would fall more rapidly, but if op- 
! posite to that of this plate it would either rise or re- 
; main practically al rest, depending upon whetha- or 
: not the pot^itial applied to the plates was sufficient 
to do more than neutralize the gravitationaJ effect. 

The drop was caused to rise and allowed to fall, 
alternately, and the times wwe observed. Some- 
times the drop would suffer coUimon with some ion 
of the atmosphere between the plates and then be- 
cause of its changed electrical condition its time of 
rise would be changed, but its time of fall, when the 
plates w^e imchai^;ed, would not diange. A fair 
supply of ions for such collisions wwe provided by 
bringing radium near the apparatus or by exposing 
the air between the plates to X-rays. 

The drop could be caused to collide with eithM 
positive or negative ions by the followii^, method: 
Suppose it was dedred to add po^tive diarges to the 
drop. It would be brou^t near the negative plate 
and then kept from falling by properly adjusting the 
potential Then the space would be exptosed to ion^ 
izing radiations from the radium. The n^ative 
ions, thus formed, would move toward the positive 
plate and away from the drop. All the positive itma, 
however, would move toward the other plate and the 
drop would thus be in a veritable shower of poEdtive 
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iona In this way the charge originally held by the 
drop could be increased or neutralized and reversed, 
if desired. 

A change in the velocity with which the drop rose 
would indicate a change in the charge it carried. If 
there is an elemental charge there should be a defi- ' 
nite minimum change in velocity corresponding to 
adding or subtracting this charge from the drop and 
all other charges should be small exact multiples of 
this Triinirm iTn , On the asBumption that the electri- 
fied condition of the drop is due to a certain excess 
or defieiraicy of electrons, this is what we should ex- 
pect, and this is what MilUkan found. His experi- 
meoit constitutes a beautiful proof of Uie existence 
of a definite elemaital quantity of dectrioity. 

By a proper correlation of his quantitative data he 
arrived at a very exact determination of the value 
of this elemental charge in t^ms of the' usual units 
for measuring electricity. In the Appendix we ahall 
coiisid^ the numerical value for this important 
pby^cal magnitude. For the moment, however, we 
quote an illustration from Millikan to relate the 
electron to a familiar magnitude. He says that the 
numbra* of electrons which pass evay second through 
a common 16-candle power dectric-lamp filament is 
BO large that it would take the two and a half million 
people in Chicago, counting at the rate of two each 
second, twenty thousand years of 24-hour working 
days to count an equivalent number. 

It made no difference how the electrification was I 
produced or the charge transferred. Millikan used \ 
thousands of drops in various media, CTperimaitingV \ 
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witii drops of non-conducting substances like oil, 
'. poor conductora like glycerin, and excellrait metallic 
■ conductors like mercury. He states that "in evray 
case, without a single exception, the initial ehaige 
placed upon the drop by tiie frictional process, and - 
all the dozen or more charges which resulted from 
tiie capture by the drop of a larger or amall^ number 
of ions, were found to be exact multiples of the 
smallest diarge cau^t from the air." 

His espmmmts were a beautiful demonstratjon 
of tile correctoees of the concept of an electron. 
Th^ "placed beyond all question the view that an 
dectrical diarge, wherever it is found, wheth^ on an 
insulator or a conductor, whether in electrolytes or 
in metals, has a definite granular structure, and that 
it consists of an exact number of specks of electricity 
(dlectrons) all exactiy alike, which in static phe- 
nomena are scattered over the surface of the charged 
body and in current phenomena are drifting along 
the conductor." 



i:,C00gIC 



CHAPTER IX 

ISOLATING A PROTOir 

That Uiere is an elrauental quantify of electricity 
waa d^nitely rfiown by the experiments of Millikan 
whidi were described in the last chapter. His ex- 
periments are apparently the most accurate and con- 
vindng because of their simplicity; They constitute 
a final proof in a long s^ee of independent investi- 
gations by various j^ysicists. Some had experi- ' 
mented with cathode rays, proved that they were 
formed by small charged particles and found the 
mass and charge of the particles (electrons) . Others 
had carried out similar investigations of the beta 
rays from radioactive substances, proved their gran- 
ular nature, and found for their particles the same 
value of electrical charge. In beta rays, however, 
the electrons move with high velocities, very nearly 
that of light, and usually much hi^er than in 
cathode rays. The investigators found that whUe the 
quantity of electricity represented by an electron in 
a beta ray was the same as that in a cathode ray, the 
mass was in g^ieral much greater, that it depended 
upon -the velocity and was enormously greats for 
velocities nearly that of light.^ 
Ihe quantity of electricity which constitutes the 

' Cf. p. 206 of the Appendix. 
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elemental chai^ had also heem determined from a 
knowlet^ of electrolytic phenomena and by deduc- 
tion from certain phenomena of radiation. It was 
determined also from measurements of alpha rays 
by experimental methods t<imi1flr to those used for 
cathode rays. In the case of gaseous ions the ele- 
mental charge had been determined by variations of 
the "cloud" method which was described in the 
preceding chapter. 

The net result of all these exp^iments has been 
the common acceptance of the idea of a definite ede- 
m«ital quantity of electricity, and its identification 
with the electron which appears in cathode rays and 
beta raya For some years, however, nothing vwy 
definite was known about the complement of the. 
election, the equivalent positive charge of electricity' 
which we are calling the proton. At first all that 
could be said was that an atom consisted of electrcms 
which could be isolated and a nucleus which must 
have a positive charge equal to the negative charge 
represented by the electrons whidi surrounded it. 

Knowledge of the elemoital positive chai^ has 
come partly from a study of radioactivity and partly 
from a study of conduction through gases. The 
earlier determinations of the elemental chai^ by the 
cloud method had employed the ions of conducting 
gases, sweeping them aside from their normal course 
by h^ly charged plates and thus eollectii^ ^milar 
ions for measuranait. DetCTminations of the num- 
bw of ions in these expmments were based upon 
the phenomenon discovered by C. T. R. Wilson that 

'Which is usually known els the "positive electroD." 
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ioDB act ad cent«^ for 'Hie condeiisation of wat^ 
vapor. 

This phenometion Wilson used also to obtain some 
int^'esting pictures of the progress of swif tly-moviag 
charged particles. Wlien an electron is shot through 
a gas, in which tii&^e is a Uu^ amount of watea* 
vapor, its progress is recc^nizable by small drops, 
formed about the ions which result from its collisions 
with ihe molecules of the gas. One of Wilson's pic- 
tures of the path of a high-speed electron, a beta par- 
ticle, is reproduced in Fig. 12. Drops due to several 
ionizing particles are seen but those produced by the 
particular particle under conaderation appear as a 
straj^t line lengthwise throu{^ the center of the 
picture. This beta particle moved so rapidly through 
the atomic ^yst^ns of the gas and the free spaces 
between that only rarely was it long enough in the 
neighborhood of any particular electron to displace 
it pomanently from its colleagues in an atom. It 
ionized only about one of every 10,000 gas molecules 
through whose systems it passed. 

In Fig. 13, on the other hand, appear the paths 
of some alpha particles from radium. Although 
these heavier partides ionized mlUionB of gas mole- 
cules in each cwitimeter of their progress they were 
rarely deflected from atraight^line paths. In two 
cases in this figure there may be seen sharp changes 
in their directions. These occurred near the ends 
of their paths, when their energies were much re- 
duced by their previous activities, and are believed 
to represent collisions with the nuclei of gaa mole- 
cules. In the earlier parts of their paths th^e wa*e 
, _ . .Cookie 
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undoubtedly scoue similar collisiOTis but the number 
was relatively small and the momenta of the alpha 
partides wexe such that they suffered inappreciable 
deflections.' Probably they drove before them the 
molecules of gas with whose nuclei they bad head-on 
collisions much as does the cue ball in a well-played 
"follow shot" in billiards. The smallnees of the alpha 
particle and of the nuclei of atoms, in general, ex- 
plains, however, the infrequency of deflection in 
those later portions of their paths when their abnor- 
mal energy is almost entirely absorbed and th^ are 
becoming as the other atomic systems throu^ whidi 
they pass. 

As early as 1911 Rutherford applied this phe- 
nomenon, of the deflection of the positive alpha 
particle by the positive nucleus of an atom, to a 
quantitative detCTmination of the charge on the 
nucleus of various types of atoma That on the alpha 
particle was, of course, known from previous work 
as equal in amount but complementary in kind to 
the charge of two electrons. He computed the 
chance that an alpha particle would suffer a given 
deflection by being shot through thin sheets of foil 
of gold and other metals. The method of the experi- 
ment involves a principle whidi is widely applied 
in the study of radioactivity. 

The metfiod is that of coxmting scintillatjons. 
When alpha particles strike a screen of zLnc sulphide, 
for example, they give rise to brigjit specks of light. 
Each particle apparently sets into vibration the elec- 
tronic systems of several atoms and these vibrations 
the eye recognizes as light. The phenomenon is 



Pig. 12, The trails of beta particles (electroos), moving swiftly 
through humid air, as shown by drops of water which formed 
about the ions produced by the impacts of the electrons. (Re- 
produced from original memoir of C. T. R. Wilson.) 



Fig. 13. The trails of alpha particles as shown by the con- 
densation of water vapor on the ions which were formed by their 
impacts. (Original in scientific memoir of C. T. R. Wilson.) 
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aimilar to tiiat involved- in the reot^piition of the 
-impact of cathode rays by the fluorescence of the 
glass of cathode ray tubes. 

The particular experiment involved finding what 
fraction of a thousand alpha particles, which weK 
shot through a sheet of foil, produced Bcintillations 
at a location on the screen corresponding to the given 
angle of deflection. It was detCTmined by calcula- 
tion based on this experimental method that the 
number of elemental charges on the nucleus of an 
atom is approximately equal to half its atomic 
we^t. 

This was the first detCTmination of atomic num- 
bers. Althou^ the method is not capable of veiy 
exact indications and although the values obtained 
are necessarily only indicative, ttie expmments im- 
plied a definite granular structure to positive elec- 
tridty such that nuclei of different atomic qrstems 
differ by whole numbers of elemental ptwitive 
charges. It gave no hope of isolating the elemental 
positive diarge (proton). 

Further indications and very exact quantitative 
results on atomic numbers were obtained about three 
years later by Moseley. His method, however, in- 
volved X-rays and will be discussed in the following 



The next evidence as to the proton came from 
experiments on so-called positive rays. In the con- 
duction of electricity through gases, as we have seen, 
the term "cathode rays" was apphed to the stream 
of electrons which proceeds away from the negative 
electrode. I|i the precediog (^apta* we have men 
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how expmment^:? arranged a hollow anode so that 
a pencil of theee rays might pass beyond t^e anode 
and be subject to examination ot use. In much the 
same way the tMm "positive rays" has be«i applied 
to the positive gaseous ions which are urged toward 
the cathode. By making the latter a hollow cylindar 
theee positive ions may be passed into the space 
b^ond. 




Fia. 14 
Cross-section of apparatus for positive n,y anolysiB. (Illustrat- 
ing method of J. J. Thomson.) The stream of positive ions passed 
through the hollow tubular cathode, C, to the photographic plate, 
P, It was deflected by an electric field (due to a battery con- 
nected at +, - — ) and by an electromagnet, NS, and thua acted 
to trace a parabolic curve on the piate. Tube L connected to the 

If the cathode is a long cylinda* of small cross sec- 
tion like that of Fig. 14, thwe is relatively little 
diffusion or mixing of the gases of the two parts of 
the vessel For this reason the gas pressure within 
the conducting portion of the tube may be main- 
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talned at the proper value to seeure the optimum 
density of gas molecules for the formation of iona - 
and the remainder of the enclosed system may.be 
practically a vacuum and thus contain few mole- 
cules to impede the progress of the ions which con- 
stitute the po^tive rays. At the end of this second 
portion of the tube a photographic plate, P, permits 
a record of the stream, for each ion, as it atrikee, 
disturbs the electronic composition of the neighbor- 
ing atoms of the plate, mudi as does light in ordinary 
photography. , 

In one sense, of course, alpha jays are- positive 
rays. Th^ are helium ions, identical with helium 
atoms which have lost two electrons each. They 
differ from helium positive-raya, which would be 
formed if the tub© of Fig. 14 contained helium in 
its conducting chamber, in their or^in, for alpha 
rays arise from radioactive disturbances. They 
differ also in velocity, at least in the early portion 
of their prc^ess, for they may have original veloci- 
ties as bi^ as a tenth that of light. In conduction 
through gases no such high velocities are attainable. 
They may differ also in the number of ions whidi 
are lost, since ionizing impacts in a conducting gas 
usually remove only a single electron from such 
stable structures as the inert atoms, although they 
frequently remove two from substances like nitrogen, 
or more than two from metallic atoms like those of 
mercury vapor. 

It was this high vebcity and hence hi^ penetra- 
tion of alpha particles which pramitted Ruth^ord 
to make his classical demonstration of the fact that 
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alpha partidea are really helium ions. He used a 
very thin-walled tube like that shown at A in Fig. 
15. He first showed that there was no connection 
between A and the larger tube, B, by filling A with 
helium and observing that there was none of the 
^ectroscopic diaracteristics of heUum gas when a 
current passed between tiie electrodes of C. Next 



no. 15 

Cron-eectioD of Rutherford's apparatus for showing that alpha 

particles are helium. An electric current through C gives a 
radiation characteristic of the substance in B. When radium 
emanation was placed in A, the spectrum of the radiation from C 
showed traces of helium. 

he removed the helium from A and substituted 
radium emanation. After a few hours the spectro- 
scope showed that h^um was present in the dis- 
charge path between the electrodes of C. The only 
way heUum could get into B and C was by being 
identical with the alpha particles which are emitted 
by radium emanation. The hi^ velocities of these 
particles are sufficient to carry them throu^ the 
atomic systems of the glass walls just as well as 
through less closely packed atomic systems of gases. 
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Tha velocities of the positive ions from/a gas which 
is conducting electricity are insuflScient, as we have 
said, to pnxluce some of the effects of the swift alpha 
particles. The ions do, howevCT, affect photographic 
plates and may, therefore, be easily studied. Suj)- 
pose, for a moment, that all the ions which form the 
positive rays, from such a tube as that of Fig. 14, 
are of the same mass. They will diffCT in vebcity 
because they have be^i formed at different points 
in the tube, have fallen throu^ different potentials 



^,> 



Parabolaa formed 



Flo. 16 
n the pl&te, P, of figure 14. 



and have suffered different collisions. Becauae the 
beam of positive rays is not homogeneous in velocity 
the various particles which compose it will suffer 
different deflections under the influence of a field of 
force, whether magnetic or electrostatic. 

If a magnetic system is so placed as to deflect the 
particles upward some of them will be deflected but 
little, others more and the result wUl be a line of 
points on the photographic plate. Such a )ine is 
represented as ob in Fig. 16. If, now,, an dectror 
static field is established whidi produces a deflection 
at right angl^ to that of the magnetic fidd, each 
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component particle of the beam will be deflected, 
say to the ri^t, by an amount which depends upon 
its velocity. The result is a s^ies of spots which 
lie, as shown at mn of the figure, on a portion of a 
parabola. 

For po^tive ions of some different mass there will 
be formed on the photographic plate a different para- 
bolic curve, says pq. From the dimenraons of these 
parabolas there may be calculated, as was first done 
by J. J. Thomson, the ratio of the masses of the 
types of particles which register these curves. If 
the tube from which the positive rays are dwived 
contains a mixture of gases the atomic (or molec- 
ular) weights of the various particles may be de- 
rived from the various traces on the photographic 
plate. If, however, the particles differ not only in 
their masses but also in the chaises which they 
acquire by ionization, then the analysis becomes 
more complicated or even impossible. Two par- 
tides, one having twice the mass of the other, and 
carrying twice the charge, will give the same trace 
on the plate for the method separates particles only 
when they differ in their ratios of mass to charge. 

In one of Thomson's eKperiments he studied at- 
mospheric air, which contains in addition to nitrogen 
and oxygen small amounts of inert gaaes like neon 
and ai^n. JVom the tap-grease which was used to 
seal the valves leading to Ihe vacuum pimap tliere 
was added to this mixture traces of carbon dioxide 
and carbon. In addition, since mercury was used in 
the pump, there was a trace of mraxiury vapor. In 
the photograph of the deflected powtive rays from 
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Thomaon, Neon gave two parabolaa, A and B. , (A retouched 
photograph of the illustration in the original i. ' ' 



FiQ. 24. Moaeley's phot(«raphs of the X-ray spectra of various 
metallic anti -cathodes. The different phot<^raphs are placed 
approximately in register in the figure. 
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this mixture of gases and vapors Thomson recog- 
nized molecules of nitrogen and carbon dioxide which 
had lost one electron; atoms of nitrogen, oxygen, 
carbon, neon, and ai^on which had lost one electron 
each; and atoms of mercury whidi had lost re- 
spectively one, two and three electrons 

The appearance of tiie curve for neon was mudi 
like that of Fig. 17, which is not an exact copy of 
the original photograph but was retouched to ex- 
aggerate slightly a peculiarity of the original. 
Apparently there are two curves, A and B, close to- 
gether. From the more prominent curve. A, the mass 
of the particle was found to be 20 and from the other 
22, In this way the isotope of neon was discovw^. 

The most recent and reliable series of analyses of 
the so-called chemical elements by the method of 
positive rays is that of F. W. Aston. He discovered 
isotopes of other chemical substances, like chlorine, 
which were formerly supposed to be elementary. In 
his method the electrostatic and magnetic fields are 
arranged so that their deflections occur subsequent 
to each other as the ray progressee instead of simul- 
taneously. The precision of his results is remarkable 
B8 compared to other positive ray analyses for the 
probable error of his deta*minationa is only about 
one-tenth of one percent. 

Our present intCTest in his work ia due to the fact 
that he not on^ isolated the proton, that is the posi- 
tive hydrogen ion — for Thomson had done this in 
his analysis — but he made for its mass a very precise 
measurement. Aston compared the mass of the pro- 
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ton with that of the hydrogen molecule and the mass 
of the latter with that of the helium atom. 

You will remember that the ordinary chemical de- 
terminations by wei(^ing had resulted in atomic 
weights of 1.008 for the hydrogen atom, twice aa 
much for the diatomic hydrogen molecule, and 4.00 
tor the helium atom. Aston's determinations are 
corroborative aad indicate definitely that the mass 
of the proton, when free or when constituting the 
nucleus of a hydrogen atom, is eight-tenths of a per- 
cent greater than when it is combined with electrons 
in a nucleus. 

His method was as follows: If the photographic 
plate is exposed succeswvely to impacts of ions of a 
given mass and to ions of twice that mass which, 
however, are deflected by an electrical field of twice 
the intensity, then the two traces should be coinci- 
dent and indistinguishable. If, on the other hand, 
the field is not quite' doubled the line for the atoms 
of double mass will lie very near but not coincident 
with that for the atoms of sin^e mass. Similarly by 
taking a third exposure for the atoms of double mass, 
but Ufflng for deflection an electrostatic field as much 
greater aa it had formerly been leas, another line is 
obtained equally spaced on the other ade of that 
recorded by the atoms of single mass. 

In applying this method he exposed a plate to 
positive rays containing molecules of hydrogen whidi 
had been ionized by the loss of an electron. Then 
using first shghtly more than double the potential 
on the deflecting plates and second an equal amount 
leas than this double potential, he obtained two 
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records for helium iona These are ^own in Fig. 
18a which is a drawing based on ihe photographs of 
his original paper. It is evident that the trace for 
the hydrogen molecule is not midway between these 
bracketing lines as it would be if the mass of H^ 
were just half that of He. On the other hand from 
Fig. 18b it is seen that tiie line for molecular ions, 
H2, is equally bracketed by the lines of the atomic 
ions, Hi. 

rTTTi rrm 

He Hi H> Bi Hi H, 

Fig. ISa Fia. 18b 

Drawing baaed on the positive f&y photognphs by means of 
which Aston compared the atomic weight of the hydrogen mole- 
cule with that of the helium molecule (Figure a), &nd of the 
hydrogen atom with that of the hydrogen molecule (F^ure b). 

Since the work of Aston it becomes possible to 
speak d^nitely of an element of positive electricity, 
complementary to the electron, and when isolated 
equivalent in mass to the hydrogen atom. When 
the proton is not isolated it is apparently secreted 
in the alpha particles which are known constituents 
of the nuclei of the radioactive elements and by in- 
ference constituents of all others. In one case, that 
of nitrogen/ there seems to be direct evidence that 
the proton is a constituent of the atomic nucleua 
The evidence was obtained during 1918 by Ruthra-- 

'In a letter to the Editor of Nature, March, 1921, Rutherford 
announced similar phenomena for boron, fluorhie, sodium, 
aluminum and pho^horua, and aaid, "While we have no ex- 
perimental evidence of the nature of these particles, except in 
the case of nitrogen, it seems likely that the particles are in 
reality H atoms." 
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ford but he was in doubt as to whether it indicated 
a single proton or a particle composed of two such 
elements. 

The isolated positive particles of which he ob- 
tained evidence were produced from nitrogen by 
bombarding its molecules with alpha partid^. As 
it happens alpha particles have very d^nite ranges 
through whi(^ they will penetrate before losing their 
ability to produce scintillationa For each radio- 
active substance there is a thickness of normal 
atmosphere which its alpha rays can, penetrate. For 
those from radium the range is 3.5 centimet^^ but 
for radium C it is twice as mudi. Howevw, if the 
screen whereby scintillations are to be obsarved is 
placed more than seven centimeters from radium C 
there are still occasional scintillationa These have 
been shown to be due to ions produced and driven 
forward by the impacts of the alpha partidee with 
atoms of l^e gas through which they pass. For ex- 
ample, if the atmosph^^ is hydrogen scintillations 
are obs^^able at a distance from the source effec- 
tively foiu" times as great. 

According to Rutherford about one time in a hun- 
dred tiiousand an alpha particle will come so near 
to hitting the nudeus of a hydrogen atom as to 
propel it along the line of its own motion. His cal- 
culations show that smaller increases in range should 
result if the alpha particles are projected into other 
gasee than hydrogen ; thus for nito>gen and oxygen 
the range in centimeters should be «rt«ided only 
from 7 to 7.8 and 9 respectively. JVom air, ttiwe- 
fore, th«« should be produced a few long-range 
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particles which should not however be visible beyond 
about 9 centimetraa. 

He found that the actual uumba* of scintillations 
was in excess of that expected and that the range 
was praeticaliy that of the hydrogen particles. 
When pure nitrogen was substituted for air there was 
an increase of twenty-five percent in the number. 
Since, by volume, air is four-fifths nitrogen we 
should expect the effect in pure nitrogen to be five- 
fourths as l^ge if it were solely a phenomenon of 
nitrogen. Rutherford showed concluMvely that it 
was such; but he was unable, with the smfdl number 
of long-range particles which were formed from the 
nitrogen, to detamine wheth^* their atomic mass 
was 1 or 2. As he said, "From the results so far ob- 
tained it is difficult to avoid the conclusion that the 
long-range atoms arising from collision of alpha par- 
ticles with nitrogen atoms are not nitrogen atoms 
but probably atoms of hydrogen, or atoms of mass 
2. If this be the case we must conclude that the 
nitn^en atom is di^ntegrated imder the intense 
forces developed in a close collision with a swift 
alpha particle and that Qie hydrogen atoms which 
are liberated formed a constituent part of the nitro- 
gen nucleus." 

What becomes of the rest of the nitrt^en nucleus? 
Nobody knows. The determination of the fact of 
its diontegration was an experiment requiring a 
delicacy of operation, an imagination, and a perast- 
ence of whidi only a master is capable. If he failed 
to detect the by-product of the disintegration it must 
await oth^ exp^iments in which alpha partides of 
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greater energy ^all be used for bombardment. The 
guess may be made, howevw, that the nitrogen atom 
is disrupted into two long-range particles (protons), 
three alpha particles, and an electron.^ 

With the experiments of Thomson, Aston, Ruther- 
ford, and others we may, however, take as definitely 
settled a granular structure for positive electricity 
and an atomic nucleus composed of these grains in 
close combination with their complementary elec- 
trons. 

'Rutherford, apparently, is inclined to believe that nuclei in- 
volve particles of maee 3 and charge 2 (that ie, of three protone and 
one electron) which would form nonnal atoms, isotopic with 
helium (mass 4, nuclear charge 2). In this connection Uie work 
of W. D; Harkins ia specially impcxlant. The latter haa shown 
that for all known atoms (excepting atoms with tmly a transitory 
existence, such as thoee produced by Rutherford) the atomic mass 
and atomic numbei' can be explained on the basis of a nuclear 
structure in which there are never less than half as many eiectrona 
as protons. For atoma of even atomic number, the ratio is 
exactly %. Such atoms as analyses have shown are most abundant 
in meteorites and in the surface of the earth. They are apparently 
the stdsle atcmiic forms. Atoms of uneven atomic number have 
slightly higher ratios for the numbers of electrons and protons in 
the nudeus. Rutherford's nuclear cofpuscles would have a ratio 
of 1/3, which is not in conformity with the other evidence. Until 
further evidence is presented the general reader may, perhaps, be 
safe in assuming atomic structures to be composea of alpha 
partjdea and in some cases to include extra protons. 
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CHAPTER X 

X-EAYS AND ATOMIC 

ExP£BiuENT8 on the scattering of alpha rays by 
their collisions with the nuclei of atoms in passing 
through thin sheets of metal early indicated an ap- 
proximate relationship of nuclear chai^ to atomic 
wei^t of one to two. The exact detCTmination, 
however, of the excess of protons in the nucleus of 
each type of atomic ^fstem was the result of work 
by Mosel^ and others who applied and ext^ided 
his methods. To understand the experiments we 
muEJt consider X-ray phenomena and the construc- 
tion of crystals. 

X-rays, or Roentgen rays as tiiey were once called 
aftffl" their discoverer, arise from the impacts of a 
stream of swiftly moving electrons with ordinary 
matt^, as, for example, with a plate of platinum.* 
From the atoms whidi are stmck by the electrons 
there proceeds a radiation which we now know to 
be identical with visible li^t exc^t for the fre- 
quencies which are involved. 

Heat ray^, light, ultra-violet rays, X-rays, the 
gamma raj^ which have been maitloned as some- 
times accompanying electron streams from radio- 
active substances, and the Hertzian rays used in 
radio-communication are all radiations of the same 
116 , 
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character except for differences in the frequMicy of 
the vibratioo3 from which they originate. Except 
for heat rays, which are believed to be due to mo- 
tions of atomic systems, and except for Hotziau 
waves which are due to the surges back and forth of 
electrons in wire systems which are conducting alt«- 
nating currents, all other radiations are due to 
vibrations of the electrical elements within atomic 

Vibration and oscillation are synonymous terms. 
Both imply that a body moves back and forth 
through an equilibrium portion. The farther it 
moves from this position the greats is its t^idency 
to return. A simple case of oscillation is that of the 
pendulum bob of a clock. We start it by swinging 
it aside from its equilibrium position and thus lifting 
it further from the earth. The tractation of earth 
and bob then results in a motion of the bob toward 
its unstressed position. As it swings back it moves 
faster and faster. When it readies the bottom of its 
swing it hs8 an energy (kinetic) which is equal to 
that contributed in raising it, except, of course, tor 
subtractions by friction with the air. By virtue of 
this kinetic energy it continues in motion. It can 
rise, however, only to the height of its original sepa- 
ration in the opposition direction. At any greatef 
heif^t it would have greater potentialities of energy. 
It rises, tho^fore, until the kinetic en»^ which is 
associated with it in the equilibrium portion is con- 
verted into potential energy. At this point it pauses 
and reverses its motion. The time required for one 
complete trip, that is the interval between two sue- 
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cessive motions in the same direction through the 
same point of its path, is called the period of its 
oscillation. The number of periods p^ second is the 
frequency. 
Oscillations in general are not restricted to a 
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niustTating oscillatioiiB due to three restoring forces. 

linear path as in this simple case whore there is but 
a single restoring force, namely that of gravitation. 
Suppose, for example, that a body is constrained by 
forces which have components at right angles in the 
three directions represented by the springs of Fig. 19. 
If it is displaced from its equilibrium point in. the 
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direction of the arrow all three forcee will be active 
in its restoration and it will execute the most geno'al 
^pe of vibration. Its frequency, which is still de- 
fined as above, d^iends upon the inertia of the body 
and the nature of the restoring forces. 

In the case of molar bodies, like the praidulum of 
the preceding illustration, there is always a gradual 
dissipation of energy from the vibrating system to 
surrounding systems. Energy is given to the adja- 
cent molecules of the air and by them passed on to 
more distant molecules. If the frequency of a vibrat- 
ing mechanical system is within a certain range the 
vibratory motions of the air molecules may set up 
vibrations within the hiunan ear whidi are recog- 
nized as sound of a definite pitch or vibration-fre- 
quenty. Above 20,000 vibrations per second, how- 
evw, the vibrations are usually inaudible for the 
human ear is but little sensitive outside the impor- 
tant frequMicy ran^ of the himian voice whidi ex- 
tends from about 200 to about 5000. 

Betwerai the vibrations of molar bodies, whidi are 
obawved as sound, and those of electrons within 
atomic structures, which are observed as light, there 
are several important difFa-^ices. In one case the 
vibrating systems are a^gr^ates of molecules and 
in &e other disra-ete electrons. The restoring forces 
are usually due to elasticity in the case of sources 
of sound, and hence to intermolecular forces, but 
for light they are intra-atomic. The medium by 
which en^gy is transmitted from the vibrating 
soiutre is molecular in one case; in the other it is at 
best a men postulate, as to whidt more ^all be 
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said later. The frequencies involved in sound are 
expressed in hundreds or thousands, while those for 
light are expressed in millions of million^ extending 
from 375 million million at the red end of the viable 
spectrum to 750 million million at the violet raid. 

The differ^ice, however, which is most iacompre- 
hensible is that involved in the phenomena of ab- 
sorption and emission of energy. Wh^i a violin string 
is set into vibration the euM^ with whidi it starts 
depends upon what energy was contributed to it in 
producing its initial displacement. As the string is 
continuously displaced there is added continuously 
the energy with which it shall engage in vibration. 
In its subsequent vibration this energy is continu- 
ously dissipated in truly infiniteamal amounts to 
the surrounding molecules. Both the absorption and 
the emission of energy are conceived as continuous 
phenomena, just as if there was a flow of a fluid 
Kiei^ which is infinitely divisible. 

There is no such phenomenon as occurs in our 
money economy whOT© human enwgy is conceived 
to be expended in quantities adequately represented 
by monetary units. Our stored enei^ grows by 
dollars or by prainies but the energy of the system 
we are considmng increases or deceases continu- 
ously by amounts which are infinite!-.- small parts of 
any of our usual units for energy. 

In the case of electronic oscillators, on the other 
hand, tiere is evidence that they emit energy only 
in d^nite quantities the values of whidi depend 
upon the frequencies of their oscillationB. Whether 
or not the operation of absorbing ena-gy a3so takes 
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place discontinuously by similar units is still de- 
batable and awaits further evidence. It may be that 
the electronie eystennB can absorb continuously in 
infinitesimal amounts but can emit only discon- 
tinuously in definite "quanta," just as warlike na- 
tions may tax the tiny en^^es of their citizms to 
expend in dreadnoughts. \ 

UoUke the vibrating systems of mechanics, 
whether actual or theoretical, the vibratiDg systems 
of the electrons within an atom do not radiate 
energy continuously but emit it in definite quanta. 
According to the present accepted picture the elec- 
trons may vibrate in orbita without loss of energy to 
surrounding ^rstems. (This in itself is an argument 
against an all-embracing ethereal medium, for if it 
was capable of absorbing enei^ at all from a vibrat- 
ing electron we ^ould expect it to do so continu- 
ously.) When, however, there is a change in the 
orbital motion of an electron, then a quantum of 
energy is shot out. This quantum travels with the 
enormous velocity of 30,000 million centimeters a 
second, that is with the velocity of U^t. 

The quantum itself is not a unit of energy but 
rather a specific amount. It is specific for any given 
frequency of vibration and in terms of the ordinary 
unit of energy is nummcally equal to the product 
of the frequency by a fixed number, known from 
the originator of the "quantum theory" as "Planck's 
constant." 

For any type of atomic system there appears to 
be a fairly large numbw, for example nearer to a 
hundred than to ten, of poauble orbits for the planet- 
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ary electrona Radiation occurs when an electron 
passes from a less stable to a more stable orbit. By 
into'actions v/ith otheF atomic Byatems, if they are 
in violent motion, or with' swiftly moving electrons, 
a planetary electron may be displaced into a lees 
stable orbit. During its return energy is radiated. 

Violent interactions give rise to highra* frequencies 
than do those which can contribute less energy. The 
gamma rays from radioactive substances and the 
X-rays which arise from impacts of swiftly moving 
electrons with atomic systems have the highest fre- 
quencies so far obsraved. 

As to their relations of energy and frequencies 
more will be said later after considering the physical 
means for the production of X-rays. The latter may 
always be produced when a stream of electrons im- 
pinges on a plate, provided that the individual dec- 
trons have sufficient kinetio enei^. In the original 
X-ray tube the electrons were obtained in the form 
of a cathode stream which arose from the cathode 
as the result of its bombardment by positive ions. 
The modem X-ray tube avoids the difficulty of con- 
trol which is inherent in the use of a gaseous 
conductor and obtains the cathode stream, by tiiermi- 
onically emitting electrons in a manner amilar to ' 
that described for another vacuum tube device in 
CJiapter VII. 

The Coolidge X-ray tube, in whidi this prindple 
is applied, is shown in Fig. 20. A spiral tungsten 
wire, C, serves as the cathode and is heated by pass- 
ing tiirou^ it a current from a battery. The anode, 
A, is a massive block of tungstai. The anode is 
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maintained positive with respect to the cathode by 
a soxirce of very high potentiiJ. There is thus drawn 
sjuroM the intervraing vacuum a stream of swiftly 
moving elecbx>ns which are furtlier encouraged to 
focus upon the anode by enclosing the cathode in a 
tube of molybdraium, shown in croaa section at M. 




Crose-aection of CooUdge X-ny tube. Elednma, thermicHucallr 
emitted from the cathode, C, are drawn acroes the highly evacu- 
ated space to the anti-cathode, A, from which X-raye arise. High 
voltage is applied between + and — . 

The eleetoons of this stream violently displace 
from their orbits some of the electrons of the atoms 
upon which tliey fall. The bombardment appar- 
ently affecta not only electrons more or leas loc^ly 
held in the outer ^ells of the atoms — those which 
account for valence and ionization — but afiects also 
electrons in the inner shells. These are displaced to 
new orbits from which Giey return to their original 
onea. The return is accompanied by an emisMon 
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of enOTgy. Because theee iaaex electrons are cloBcly 
bound by the nucleus the restoring forces are lai^ 
and the frequencies high, in much the same way that 
tight^iing a violin string increaaee the pitcdi of the 
note. 

For X-rays the frequency may be twenty thousand 
times that of visible light, which is apparently pro- 
duced by electrons further from tJie nucleus. On 
the other hand, even highCT frequencies are obtained 
when t^e displacement of an electron is caused by 
the ejection of a beta particle from the nucleus it- 
self. For gamma rays whidi arise in this way the 
frequ^icies are ten to a hondred times as high as for 
X-rajB. 

The emission and absorption of X-rays are com- 
plementary ph^omena. As just stated, flieir emis- 
sion results from the displacement of electrons by 
foreign electrons which violently intrude into the 
inner circles of the atom. When, in turn, these 
X-rays impinge upon atoms they eject electrons and 
disturb ihe quiet orbital motions of ihe inner circles. 
Two differrait phenom^a are, therefore, involved 
when a body is exposed to X-rays, first, the ioniza^ 
tion of some of its atoms, a phenomenon which will 
be discussed lat^ in connection with otha- cases of 
ionization by radiant energy, and, second, the pro- 
ducticm of orbital changes whldi are of the same 
general charact^ as those occurring in the atoms of 
the anode from which the rays arose. 

The second phenomenon is one of re-radiation. 
The electrons of atoms which are exposed to X-rays 
are displaced from their normal orbits and in thdr 
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return they radiate enei^. The X-rays which arise 
from a body Mcposed to X-rays are so-called second- 
ary X-rays. The re-radiation may involve X-rays 
different from those incident upon the body. Some 
of the re-radiatioD wUl be of the same charact^ as 
the original X-rays whidi are then said to be "scat- 
twed" by tie body. 

The last t^m is well chosen, since ord^Iy reflec- 
tion, to which we are accustomed in the case of 
polished mirrors and li^t rays, does not occur. Such 
reflection is possible only if the surface irregularities 
of the reflecting body are n^ligible in comparison 
to "the wave length," so-called, of the incidrait radia^ 
tion. By wave length is meant the distance whidi 
radiant en^gy travels during each period of the 
vibrating sou^o^. For X-rays this distance is just 
about half the diameter of an ordinary diatomic 
molecule. No surface, therefore, can be smooth to 
X-rays and reflecting in the ordinary saise. For 
Uiis reason the re-radiation of X-rays is usually 
irr^iular and disorderly. 

It was pointed out, however, by Laue in 1912 that 
X-rays would be reflected in an orderly mannar by 
the r^ularly spaced molecules of crystals, and fur- 
Uier that by this means the wave length of various 
X-rays could be determined, provided that the dis- 
tances between the molectiles of the aystal wete 
known. The estperimental method was perfected 
shortly after by W. L. and W. H. Bragg. 

The principle involved may be explained by the 
following analog: Imagine the points in Fig. 21 
to represent widely separated gymnasto who are to 

. , .Coo>;lc 



X-RAYS AND ATOMIC NUMBERS 125 

perform identical sequences of motions at the orders 
or counts of a distant captain, C. Because t^e en^gy 
vocally emitted by the obtain takes a finite time to 
travel to Qie gymnaste each receives the ord^ an 
instant later than his next neighbor who is nearer 
the source. Thwefore, th^ do not perform in step. 
Suppose that each gymnast counts aloud as he 
executes the characteristic motions. There will be 
some point, as X, whei:e an auditor would hear the 
counting of all as if they were actually counting in 
unison. This point must be so located that the time 




Diagram to show the principles involved in the spectral analyaia 
of X-rays by a crystal grating. 

required for the sound to travel over the path aX 
is greater than tiiat for the path bX by just the 
amount of time which gymnast b is behind gymnast 
a in his counting. On either side of X the auditor 
will receive a jumble of unintelligible and interf^ng 
sounds. At X, howevw, the sounds reenforce each 
otho*. If the gymnasts are mechanically perfect in 
their tasks and in their riiythm the point X will be 
fdiarply defined by absolute silence on either sidQ 
of it. Sudi preci^n is attainable in the case of 
electronic gymnasts. 
There will be other points also, like X' and X", 
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i^ere there will be wniilfu' ahaip maxicaa of re- 
radiated eoe^y. The firat of these will be the point 
where the counte heard from a are one whole series 
behind those of b. Undw these conditions the dis- 
tance aX' is a whole wave length greater than the 
distance bX'. 

The actual location of these points depends upon 
the wave length of the radiant enra^gy and upon the 
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Representation of a cubic crystal. If the crystal is that of 
commoa salt, sodium atoms are as represented by black circles 
and the chlorine atoms by li^t circles. 

spacing of the re-radiatjng cent«^. If the latter is 
known tiie wave length may be detKinined. Now 
in crystals of certain types, namely cubic, only car- 
tain relatively simple arrangements of the molecules 
. are possible. For example, Fig. 22 ^ows the simple 
arranganent for NaCl and similar substancee. The 
molecules, however, are diatomic and the crystal 
structure is built primarily with reference to the 



X-RAYS AND ATOMIC NUMBERS 127 
atoms, as we would expect frtan our knowled^ of 
the opposite valence of Bodium and chlorine. Adja- 
cent to each atom of sodium is one of chlorine. The 
black circles in the diagram repres^it the sodium 
atoms and the other circle the dibrine atoms. 

Each atom of eadi kind must be shared by eight 
small contiguous cubes, which are indicated by 
dotted lines. However, each small cube has asso- 
ciated with it four atoms of eadi kind. We are, 
therefore, correct in assigning to each small cube 
of a rock-salt crystal four-eighths of the mass of each 
kind of atom. From a knowledge of the mass of 
e&dx type of atom and from the measured mass and 
volume of such crystals very accurate data are made 
available as to the dimensions of these small cubes. 

Measurements of tiie tiny wave lengths involved 
in X-rays are, therefore, made posable by the use 
of crystals for which the dimensions of the "lattices" 
are known. The frequencies corresponding are then 
obtainable by simple arithmetic. 

In such measurements the crystal is merely a por- 
tion of the instrument and there is no further con- 
cern with the physical mechanism whereby it 
operates. Such was the use to which Moseley put 
crystals in his famous investigations of 1914 before 
his life was sacrificed to a Wwld War. He used the 
crystal grating which we have described above for 
the detfflmination of the characteristic X-ray fre- 
quencies of various substances. The oscillators of 
the crystal will respond to radiations of a wide range 
of X-ray frequencies and re-radiat« the same fre- 
quency as that with which Uiey are exdted. 
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Substances, howevw, whidi give rise to primary 
X-rays, instead of eecondfuy, that is those which are 
bombarded by electrons, emit rays which have fre- 
queDcies charact^^tic of their atomic structure. 
Each type of atom emita a chara^^teristic group of 
X-rays. For example, irtien silvw is used as the anti- 
cathode of an X-ray tube the point X' of F^. 21 
appears not aa a single point but as two near-by 
pointa, for two sli^tly different frequ^ides of X- 
rays are simultaneously emitted. 




Pig. 23 

Croas-section of an X-ray spectrometer. X-rays from the witi- 

eathode, F, pass to a crystal grating, C The spectrum there 

formed is detected by a photographic plate, mounted b^cmd the 

screen, D. 

In the examination of X-rays by means of a 
crystal, instead of using a point source as in Fig. 21, 
a narrow line source is used. To obtain such a source 
the X-rays from tiie tube are cut off by lead plates 
in whidi there are slits, shown in cross section at 
A and B in Fig. 23. A narrow rectangular beam is 
thus allowed to fall on the crystal C of this figure. 
The crystal may be rotated, as may also the tube 
marked D. The re-radiated beam traverses this tube, 
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passes through another slit in a lead plate and falls 
upon a photographic plate. 

Moseley took photographs successive^ of the 
X-radiation from various types of anti-cathodes. 
Some of these are reproduced in Fig. 24 (Plate II, 
opposite p. 108). 

A series of similar photographs taken by Siegbahn 
are reproduced in Fig. 25. (Plate III.) Consider 
the left-hand series. As the substance from which 
the rays are emitted is (Ranged from arsenic (As) to 
selenium (Se), or from rubidium (Rb) to strontium 
(Sr), there occurs the same shift in the spectrum 
which is of common characteristic form for all the 
elements. 

This particular spectrum is that of the K type of 
X-rays. Of the different types more wiU be said 
later. For the present it may be noted that they 
diffffl" in their origin, and that the K type is excited 
only by more swiftly moving electrons than will give 
rise to the L type. Characteristic spectra of the L 
type aro shown on the right-hand side of Fig. 25. 

For both types th»^ was found a simple relation- 
^ip between the frequencies of the characteristic 
radiations of a large nxunber of elements. ' The fre- 
quencies progressed according to a simple rule as 
successive elements in the periodic table were ex- 
amined. When the elements were arranged in order 
of their characteristic frequencies it was found that 
each was obtainable from its predecessor by simple 
addition. Apparently each dement of the periodic 
series differs from the next lower by the addition of 
a definite amount of -electricity which is accom- 
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panied by an iucrease in firequeacy of the charac- 
teristic radiation. It is the nucl^ir diargo which 
increaaee and thus gives rise to greater restoring 
forces and more rapid vibrations when tbe inn^ 
electrons are displaced. 

Moseley's discovery of a simple numwical rela- 
tionship betweoi diaracteristic frequencies did not 
involve measurements on all the known elemente. 
Below sodium, for example, thwe are tea elem^its 
for which no X-ray spectra have yet been obtained. 
The in^ dements also must of necee^ty be omitted. 
Thus you will notice that krypton (atomic number 
36) is omitted in Pig. 26. His work and conclusions, 
howevw, have been corroborated by many otho" 
tests and may be considered the first definite proof 
of the structure of the atomic nucleus by grains of 
positive electricity (protons). 

Part of the corroboration has come from measure- 
ments on the characteristic absorption which ele- 
ments show for X-rays. This work was done in 1916 
by DeBrt^e althou^ the discovery of such absorp- 
tion dates from Barkla's work in 1909. 

In an X-ray beam there is present, in addition to 
the diaracteristic frequencies whidi arise from the 
vibrations of electrons wittin the atoms of the anti- 
cathode, more or leas radiation of other frequencies 
below those whidi are characteristic. A haphaaard 
jumble of disturbances of all d^rees of suddenness 
accompanies the impacts of the various electrons of 
a cathode stream. These are analysed by the crystal 
spectrometer into a consecutive series of recurring 
disturbances which then have the appearance of 
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which have about one-sevMitii the frequencies of 
. the K lines are well separated from the cent^. 

The second phot(^;raph of Fig. 26 wjas made by 
inaoiing in the path of the X-rays from timgst^i a 
tiiin sheet of molybdenum. The K lines are no 
longer visible. In fact, above a definite frequHicy all 
^e radiation from the tungsten has been absorbed 
and for a c^tain region to the right of the central 
image, the photographic plate has been unaSected. 
If antimony, of atomic number 51, replaces 
molybd^mm, of atomic number 42, the absoiption 
band does not extend to as bw frequencies. In gen- 
enl it has beat found that the limiting frequencies 
at whidi absorption begins are sharply marked, are 
charact^istic of the atom of the absorbing material, 
and inia«afie with the atomic number. 

Before carrying the diacus^on further an explan^. 
tion must be given for two edges of li^t and dark 
which occur in the first photograph of Fig. 26. These 
are marked Ag Ka and Br Ko. They are the 
boundaries of absorption for silver and bromine. 
They were obtained by ins«ting a thin film in- 
volving atoms of these substances. X-ray absorp- 
tion is a function of the electrons within an atom and 
hence without prejudice an atom may be a partnw 
in any sort of molecular union. In this particular 
case the film of silver bromide, AgBr, was the ssisi- 
tized film of the photographic plate itself. 

An element will absorb radiation of frequency 
higher than that of its own characteristic X-ray 
radiation. If, therefore, a given radiation is im- 
pressed successively upon the elements of tiie 



Fig. 26. X-ray absorption spectra. The upper photofjraph 
shows X-rays from a tungsten anti-cathode. The lower photo- 
grapha show absorption of this radiation by plates of molybdenum, 
cadmium and antimony. (Reproduced from memoir of DeBroglie.) 



Fig. 28. The path of an X-ray through humid atmosphere. It 
is marked by the ionization traila of the electrons which it ejects 
from the gas molecules. (Reproduced from memoir of C, T. R. 
Wilson.) 



Flo. 31. A line spectrum of hydrogen. The hydrogen spectrum 
ia bracketed by an iron spectrum which furnishes a comparison 
scale. (A section of photograph from memoir of H. B. Lemon.) 
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periodic table there will be absorption by all elements 
of atomic numbers lower than that from which the 
radiation arises. 

The phenomenon is further illustrated in Fig. 27. 
A series of elements w^e exposed to the K radiation 
of nickel (atomic number 28). ¥<x each elemeit 
the height of the curve represents the absorption. 
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Atomic Weight of Abiorbing Element 
FiO. 27 
Relation between abeoiption of X-rays and atomic weight of 
absorbing element. The K type radiation from Ni (atomic 
weight 68.7) was eucceesively impremed upon various elementa. 
For elements below Ni it excited K, L and M Tadiationa. For 
elementa of extremely hi^ atomic numben it excited only M 
radiations; for the interveoing elements L and M radiatione. 

In each of the elements below 'nickel th«:« is an 
absorption of the K radiation from nickel, for in 
ea^^ element the X-ray enra^ is absorbed by the 
electronic systems which then vibrate naturally to 
give oflE their own radiation, not only K type but also 
L and M types. The higher the atomic number 
the greater the amount of energy required to emit 
the (^aracteristic radiation and hence the greater 
the absorption. 
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134 WITHIN THE ATOM 

When nickel is reached, absorption abruptly cease? 
BO far as it is due to energy whidi is converted into 
characteristic K radiation. Thwe rranains, how- 
ever, a cause of absorption in the L and M tj'pes of 
radiation. These vibrations are of lower frequency 
and require less en^gy. As elements of still higher 
numbers are examined the absorption Increasea The 
"rare earth" elements have not berai examined, so 
that for this r^on the probable form of the curve is 
indicated by dota For some element in this range 
the nickel radiation is unable to excite the L series 
but may excite a series of still lower frequencies 
known as M. Again the absorption increase as in- 
dicated in the figure. 

Studies of absorption phenomena by DeBroglie 
and othoB are' largely responable for our knowledge 
of the atomic numbers of the elements of hi^er 
atomic weight. A great deal of evidence, however, 
besides that which has been presented in this chapter, 
confirms the modem physicist in his concept of 
atomic numbers. 
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BETWEEN CHAPTERS 

ADIAUWTJB 

In one of Stevenson's fables the diaract«rs of 
"Treasure Island" come forth between chaptra^ to 
discuss the author's plans for them. For writers of 
less ability the characters adopt tactics of heckling 
between diapters. In the present book there are 
only two charact«B if one does not include the form- 
less and intangible spirit of energy. The bxirden of 
their complaint is the author's selection of thdr 
characteristics. For some time Proton and Electron 
have been objecting that liiey were incompletely 
deeraibed. 

Proton and Electron: Why haven't you told how 
large we are? 

Author: 1 have by implication. You are too 
small to see anyway. 

Electron: We don't believe you know. 

Author: What if I don't know exactly? You can't 
be greater in diameter than 0.000,000,0— 

Voice of Energy: Stop I You are not paid by 
space rates. If you will d^rade me and decrease 
my availability, wasting wood pulp by the page, re- 
fusing even to make the small conservation of my 
potentialities which simplified spelling offers, you 
might at least stop writing noughts. Can't you use 
powereoften? Write it as 2X10"" or as 2/10". 

Author: Yes, I know; but it will make my pages 
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look mathematical and inhibit the General Reada*. 

General Reader (by ether waves): Don't mind 
me; I am about throu^ with you anyway. 

Scientific Reader (through the same hjfpothettcal 
medium) : I am through with you, too. You have 
approached the subject in an order which is imprac- 
ticable for pedagogical piuposes, starting with un- 
known electrons and then describing how they were 
discovM^. Just take your last chaptw. You beat 
all around the subject and didn't say that what 
Moseley found was a proportiimality between the 
aguare root of the frequency and the atomic number. 

Voice of Energy: Don't mind that fellow. I am 
the only important entity in the entire physical uni- 
verse. He doesn't really know me. He speaks of 
me glibly at times but when be gets into a pinch he 
says its due to some kind of a force — that's his way 
of referring to me when I am getting a bit run down. 
Now, as to you. You tell me when you are going to 
give me a whole diapter to myself. You are ready 
to do it now. In fact, you got yourself in for it by 
flirting with my Quanta in the hat chapter. 

Electron: Oh! please. Father Energy, you know 
how my evray motion conforms to your first and 
second laws. Don't insist. I feel sure he was going 
to discuss emission spectra of lower frequencies and 
then he would be discussing oscillations within the 
visible spectrum. And you know I just love to be 
seen of men. Or, perhaps he was intending to de- 
scribe how swiftly I can fly when I receive from 
X-rays or ultra-violet light just one tiny quantum. 
And you know. Father Energy, he couldn't write 
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half a chapter on the photo-electric effect without 
saying something about ttiese quanta in which you 
are 90 much int^^sted. 

Proton: That argument cuts both ways. Why 
diouldn't he treat us both alike? You know its our 
joint motion as atoms to which he referred (»ice as 
thermal agitation. If he will write now about that 
subject he can't get far without introducing quanta. 
Father Energy himself knows that Planck's theory 
of quanta might never have received the attention 
it has if Einstein hadn't applied it to the problem 
of specific heats. If he starts with the motion and 
eaecgy of molecules and atoms he is bound to give 
more ideas of their sizes and to explain how scientists 
know how many molecules there are in any volume 
of gas, and what Avogadro'a constant is, anyway. 
And then he can't help empha«zing my point that 
even if you are larger than I am, still I am much 
mOTe massive. 

Electron: Yes, you are more massive, but what 
he said about you was that you had 1845 times as 
much in«1aa as I had. I don't b^eve he appreciates 
p«:w>nalitie8 like yours with too much inertia. 
Didn't he give you a new name? That ^ows he's 
radical and insulted you, too, hanging on you one 
of those newfangled names which some English 
scientists have only just suggested. If he thought 
so much of you why wasn't he respectful enou^ to 
call you a "positive electron" as all good scientists 
do? 

Voice of Energy: Stop quarrelling. You are dis- 
sipating energy. All that you have said merely 
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BhowB the close interrelation of any one phenomenon 
of physical sdence to a large number of otiiers. What 
does it matter to which portion of the subject he 
jumps next? Don't you realize that radioactive 
phenomena and now my quanta have shown that 
nature proceeds per saltumf Really, it isn't nearly 
as important where he jumps as how he lands. 

Proton: Do you mean that I must go back and 
live with tiiis electron in some dark atomic struo- 
ture? 

Electron: If it isn't dark my activities will pro- 
vide the li^t. 

(Exeunt Proton and Electron.) 

Author: Well, they're gone. But what was that 
last remark of Ener^ as to how I am going to land? 
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CHAPTER XI 

PHOTO-BLBCraiC BPPBCTre AMD THE QUANTUM OF 
ENERGY 

Two phenomena are obswvable when X-rays im- 
pinge upon a substance. X-rays are re-radiated and 
electrons are ejected. The first phenomenon, whidi 
was discussed in the last chapter, has sieved to estab- 
lish the quantitative relations between the nudei 
of different types of atomic systems. It ia charac- 
teristic of radiant energy of all frequencies. Ac- 
cording to the frequency of the original vibration 
and according to the oscillating systems of the sub- 
stance upon which it falls, radiant raiergy, whethw 
light or heat, is absorbed and re-radiated with or 
without change of frequency. Of re-radiation with 
change of frequency an illustration in the visible 
range of frequencies is furnished by so-called fluores- 
cent substances. 

Just as substances exposed to X-raya give off their 
own characteristic vibrations when these are of lower 
frequency, so fluorescent substances when exposed to 
the invisible ultra-violet radiations will give off 
visible radiations. Electric arc-l^ts are quite rich 
in ultrarviolet radiations, so that fluorescent sub- 
stances exposed to such li^t will glow with their 
characteristic radiations. The effect is etaHy ob- 
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served also with sunlight, if a beam is allowed to fall 
on a glass vessel of kerosene. If the vessel is viewed 
at right angles to the beam the diaracteristic blue 
fluorescence of the kerosMie may be observed. 

The second phwiomenon, that of the ejection of 
electrons, is also diaractmstic of all radiations within 
cwtain limite of frequency. Gamma rays, X-rays and 
ultra-violet light will all eject electrons from the 
Bubstaaces upon which they fall. The limiting fre- 
quencies below which such ejection cannot occur lie 
in the range of ultra-violet and even visible li^t and 
depend, as we shall see, upon the atomic systems of 
Ihe substance. 

A picture of the phenomenon as it occurs in the 
case of X-rays may be quoted from a popular lec- 
ture* by Sir William Bragg. "Suppose that the 
target (anti-cathode) of an X-ray bulb wm« magni- 
fied in size until it was about as great as the moon's 
disk, that is, magnified a hundred million times. The 
atoms in it would be sph««s a centimeter or so in 
diameter, but the electrons (and the nuclei, as well) 
would still be invisible to the naked eye. The actual 
distance from earth to moon would now correspond 
roughly to the corresponding magnification of the 
distance that ordinarily separates the bulb from the 
observer's apparatus (the substance undw examina- 
tion). We now shoot electrons (a cathode stream) 
at the moon witii a certain velocity. Let us say that 
every second, each square foot or square inch, it 
doesn't matter which, receives an electron. A radia- 

'The Twelfth Kelvin Lecture before the InBtitution of Elee- 
trical Engineers, 1921 (not literaJl? quoted). 
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Millikan also verified a phenomeaon, fiiBt ob- 
sared by Lenard in 1902, which was implicitly 
covoBd by our earlier discussioDi of Einstein's appli- 
cation of the quantum theory to photo-electrie emia- 
sion. The enra^ with which the electron is ejected 
depends only upon the substance and the frequency. 
It is independent of the intensity of the light which 
causes the ejection. If the light is intense mcne 
electrons are knitted but none leaves with greats 
enei^. This same ph^iomenon also occurs in the 
case of X-rays and of gamma rays. The amount of 
li^t determinee the number of eLectrons which are 
ejected but does not affect their individual energies. 
For X-rays the converse phenomenon baa been in- 
vestigated. Duane and Hunt and also Hull have 
studied X-ray radiation and found that the highest 
frequency in the general or "white" radiation corre- 
^)onds to that which should arise axxxxding to the 
quantum theory. The product of this highest fre- 
quency by Planck's constant is always equal to the 
energy of the individual electrons in the cathode 
stream which causes the radiation. 

From all these experiments it seems c^lAin that 
whenever electronic impacts give rise to radiation 
the energy associated tiio-ewith is always prop(»-- 
tional to the frequency and the factor of propor- 
tionality is Planck's constant, h. Similarly, it appears 
from all measurements where electrons are emitted 
by radiant energy that the enei^ associated with 
the individual electrons is alwayB related to the fre- 
quency of the radiation by this same constant The 
result is that the scientific world has quite imani- 
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moiialy accepted it to be a fact that energy is emitted 
in quanta. 

When an electronic system expends energy it does 
BO in definite ajnoimta Is eaiergy granular or atomic 
in character? Must we think of it as tran^nitted 
through space like a corpuscle? And then, is each 
COTpuscIe of energy received in toto by a single elec- 
tron? Since an electron can emit only d^nite 
quanta of energy, can it receive energy in amounts 
less than a quantum? If it rec^ves and emits only 
by quanta, presumably its own total energy at any 
time is some integral number of quanta. What in 
any case is the mechanism which is involved? 

Such are the questions which confront the sciMi- 
tist of today. Evidence as to the correct answers is 
laddng but it may well be forthcoming in the near 
future. Such evidence as now exists only makes the 
problem more complicated. Ck)nsider, for example, 
the qu^ion as to the absorption of enei^. 

The moment a substance is exposed to light of the 
proper frequency the photo-electric emission b^ins. 
This would appear to indicate that thwe was a hop- 
pra^ul of energy in some dectronic system which 
was tripped off, as by a trigger, and allowed to dis- 
charga The energy which is released was eiihee ob- 
tained from the beam of light, despite the i^ort time 
of exposure, or was already stored in the atomic sys- 
tem. The further fact that the energy of the emitted 
electron is the same whether the intensity of the 
light is lai^ (»* small would seem to indicate such a 
storage. Photo-electric phenomena occur in such 
feeble light as would correspond to an ordinary 
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candle at a distance of three miles. (The number 
of electrons whidi are emitted each second is greater 
for greater light intensity even though the energy of 
each is a function only of the frequency.) Through- 
out the entire range of intensities, which would corre- 
spond to bringing the candle from miles away to 
within an inch of the plate, the en^gy of an emitted 
electron is always one quantum. 

For the momoit, then, the evidence adduced seems 
to favor a theory of ecmtinuous absorption of energy, 
ita storage, and release in quanta when the electronic 
oscillator is disturbed. But if there is such a trigger 
action why should the action, and the amount ckT 
energy which is released, depend upon the exciting 
frequency? One might think of a tuned ^stem 
which responded only to a single note, but why 
should the amount of the response depend upon the 
note? It should make no difia^nce what frequency 
of radiation disturbs the bopp^ and allocs it to 
dump its load of energy. Why, also, Ediould the out- 
put depend solely upon the frequency and not upon 
Ihe type of hopper, that is upon the type of atom? 
It does, although the amount of energy which is ex- 
pended by the emitted electron in pasmng through 
Burroimding systems does depend upon the atomic 
nature of the substances. The anali^y of the hopper 
which is released by a trigger action seems to be 
contrary to the observed facts. We are forced, there- 
fore, to the conclusion that the energy of the escap- 
ing electrons is drnved from the incident light. 

But this conclusion brings us back to the difficulty 
as to the intensity of the U^t which excites the 
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effect According to the theory of radiation which 
is commonly accepted, the.enCTgy leaving a source is 
uniformly distributed over a spherical surface which 
ioOTeases constantly in size as the radiation proceeds 
outward. The elfect may be seen in the widemog 
circle of a wave caused by dropping a stone into 
water. An object upon which sudt a wave front 
impmges subtracts from it only the energy corre- 
8i>onding to the proportion of the total wave front 
which strikes the object. The effect is well known 
to sailors of small boats who have receaved the wash 
of a steamer before its wave fnmt was much ^i- 
larged. If we calculate on this basis the amount of 
radiant energy which in one second should reach a 
tiny atom we find cases whwe the amoimt is so 
small that billions of seconds would be required be- 
fore the atom could acquire the quantum of energy 
whidi it radiates so promptly. 

This difiBculty would be solved if energy were not 
readent in the medium, as it is in the obvious me- 
chanical case of the water wave, but had a corpuscu- 
lar structure. On tliis basis, when a body radiated 
enffl^ it would really be shooting out in all direc- 
tions a shower of invisible particles, small bundles 
of Hiergy, The electron must then rec^ve or reject 
a whole bundle. The picture of the ejection of elec- 
trons by X-rays which was quoted on page 140 would 
be explained if the X-rays were really small bullets 
of enei^ which followed radial paths outward from 
the anti-cathode. What appears to us as a continu- 
ous distribution of energy in a wave is probably not 
really continuous but conforms in aatdogy to a fine 
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show^ of rain audi as one experiences when a fog 
blows in. 

MaAter whit^ originally appeared to mankind as 
continuous and infinitely divisible has been shown to 
be atomic Electricity, whose phenomena appeared 
those of an invimble fluid, has proved to be granular 
in structure. Why should we not expect that energy 
also should prove to be not infinitely divimble but 
transmissible only in finite amounts? There axe 
three objections: First is the incompleteness of the 
evidence, second the subconscious effects of our sci- ' 
entific traditions and training, and third, a definite 
• piece of evidence against tiie hypotheas which as 
yet has not berai explained away. 

A corpuscular theory for lig^t was conmionly ac- 
cepted in Newton's time, d^>ite a growing mass of 
evidence and tlieory in favor of a wave motdon 
through an ethweal medium. Reflection was then 
explained as due to an attraction of the reflecting 
surface whicdi bent toward itself the swiftly moving 
corpuscle, which the himian eye later apperceived as 
light. As it happens, oiir present concept of reflec- 
tion as re-radiation would also accord with a corpus- 
cular theory for the transmission of energy through 
space. 

The evidence which finally di^rossewed the 
corpuscular theory arose in connection with the phe- 
nomenon of interference.^ In its simplest form in- 
terference phenomena take place as illustrated in 

*We have already implicitli' implied the theory of this phe- 
nomenon to the caae of the ciyatal cnting for the Bpeotral 
uudyaiB of X-rays. 
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I^lg. 30. Imagine a source of radiant en^^ to trana- 
roit to two slits, shown io cross section at a and b. 
From these two slits the energy spreads through Ihe 
ethw just as if the slits were separate homogeneous 
sources. For simplicity we imagine the li^t to be a 
^gle frequency. From these slits th^e then spread 
out a succession of wave surfaces. In cross section 
these have much the appearance of surface waves 

\ 



FiQ. 30 
Diagram illustrating interference of wave trains. 

which are produced in liquids by r^ularly recurring 
disturbances. Where the trough of one meets, the 
crest of another, interference occurs. Where trough 
coincides with trough, or crest with crest, there is re- 
enforcement and a greater displacement. The figure 
represents an instantaneous view of the transmission 
and shows crests as full lines and troughs as dotted 
Unes. 
It is ea^ to pick out a succession of points where 
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either type of intCTfwCTice phenomenon is occurring. 
At some point like Y, for example, the disturbance 
from a is three whole wave lengths ahead of that 
from b, and reenforcement occurs. 

In the present case there is a definite limit to the 
numbw of wave lengths by whidi the two disturb- 
ances can differ. With the interferometer, however, 
which was devised by Michelson, large differences in 
path may be obtained. Differences of as much as 
several thousand wave lengths have been instituted 
between the paths of the beams from two homo- 
geneous sources and still the phenomenon of inter- 
ference has been observable. 

The objection of the necessity of conforming to 
the known facts of interference is not, however, un- 
Burmountable.* It would seem to demand that the 
bundle of energy should have a length which might 
be large m terms of wave length but would be small 
as compared to the distance the ener^ travels in 
each second. In some way this bundle might also 
contain within itself something of the slxucture of a 

' It may well be that the two aspects of radiant energy whii^ 
we recogniie as "quantum" and as "wave motion" are not 
mutually incompatible. Such a poesibility is noted by way of 
illuBtration in that most interesting book on relativity, Professor 
Eddington's "Space, Time and Gravitation." He says, "Physical 
reality is the synthesis of all possible physical aspects of nature. 
An illustration can be taken from tne phenomena of radiant 
enerp' or light. In a very large number of phenomena, the light 
coming from an atom appean to be a series of spreading waves. 
In many other phenomena the light appears to remain a mimite 
bundle of energy, all of which can enter and explode a single atom. 
There may be some illusion in these experimental deductions; 
but if not, it must be admitted that the physical reality cor- 
responding to light must be some synthesis comprehending both 
thme appearances. How to make this synthesis has heretofore 
baffled conception. But the lesson is that, . . . reality is onlj ob- 
tained when all conceivable points of view have been combined." 
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train of waves whidi would produce interference 
effects with bundles which had be»i di^atched by 
other routea 

In the absence of direct evidence some iodine 
toward one side and some toward the other of this 
question. Perhaps the lay reader will have less to un- 
learn in the future if he accustoms himself to think 
of there being shot about in the physical tmiv^'se 
bundles of ener^, the arrival and departure of which 
are manifested by changes in atomic systems. 
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CHAPTER Xn 

UGHT KADIATION AND ATOM-MODBIfi 

The concept of an atom with a nucleus wag due 
to Rutherford whose exp^imenta on liie acatt^ing 
of alpha rays wwe explainable, as we have seen on 
page 102, by the assumption of such an atomic struc- 
ture. In terms of this structure it then became 
necessary to explain other known phenomena, par- 
ticularly that of the radiation of li^t from atoms. 
The attempt was made by Bohr in the years inune- 
diatdy following 1913. 

He started by pointing out that the planetwy elec- 
trons of the Rutherford atom-model would be un- 
stably according to the recognized laws of mechanics, 
if their rotation was assumed to be the cause of lig^t 
radiation. Rotating electrons, as was mentioned on 
page 78, influence other electrons. In so doing they 
impart some of their enei^. Conedder for a moment 
what the efiect would be if the rotation of the planet- 
ary electrons was accompanied by a radiation of 
energy. 

Electron and nucleus tractate,, but Ihe kinetic 
enecgy of the electron prev^its its falling into the 
nucleus, just as planets maintain stable paths about 
the sun by virtue of their kinetic energy. If, how- 
ever, this energy is gradtially subtracted by radiar 

1*6 I 
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tion, the electron will fall in towards the nucleus. 
Due to its changed orbit it will have a changed fre- 
quency of rotation. A continuous diange in fre- 
quency, therefore, should be noted in the li^t from 
a tube of gas like hydrogen through which an electric 
current is being passed by the motion of the ionized 
gas molecules. No such change is noted, for the 
si}ectral Lines of the chemical elements are d^nite, 
unvarying, and charactOTstic. 

So-called classical electfo-magnetic theory is in- 
capable of accounting foe radiation in terms of 
planetary electrons rotating about a nucleus. Bohr, 
therefore, applied to the phenomenon the quantum 
hypothecs which had already served good purposes 
in othOT fields of inquiry. His radical assumption is 
the possibility of non-radiating orbits. In the 
Rutherford-Bohr atom-model a planetary electron 
rotates without the emission or absorption of fsiergy. 
It has a steady orbital motion which represents a 
condition of equilibrium so far as concerns changes 
in energy. 

An electron may, however, be caused to change 
its orbit and the emisaon or absorption of energy is 
assumed to accompany this change from one 
equilibrium state to another. During the change of 
an electron from a larger to a smailw orbit radiation 
of a definite frequency is emitted and the amount 
of enfsrgy involved is sJways one quantum. By such 
a theory it was presumed that the spectral lines of 
the various elements could be accounted for. Char- 
acteristic spectra are emitted by the various ele- 
ments, as we have seen in Chapter XI, when the 
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electronic structures are disturbed by the impacts 
of a cathode stream. Vibration frequencies of 
smaller values, corre^onding to the ultnirviolet and 
visible range, arise from less violent disturbances, 
such as occur for example in the ionized gas or vapor 
of a highly evacuated tube which is conducting elec- 
tricity. 

When an electric current is passed through a gas 
light is emitted.^ By using a spectrometer or a grat^ 
ing, involving tiie principles of inta^erence which 
have been mentioned in previous diapters, this light 
may be analysed into a s^ies of spectral lines, simi- 
lar to but more numerous than those appearing in 
an X-ray spectrum. It is found that any element 
produces a spectrum in which linee recur at intervals 
throughout a given frequency range. These lines 
form a smes, the frequraicy of each member of which 
may be calculated from that of the higjieet frequency 
by very ample arithmetic. In the case of incandes- 
cent hydrogen three such series are known: one in 
the visible range of frequency called the Balma" 
a^es; one in the region of lower frequency, the 
infra-red r^on, which is known as the Paschen 
series; and the third, known as the Lyman series, in 
the ultra-violet. 

When one knows the highest frequency of a series 
of spectral lines the calculation of the other fre- 
quencies is a piece of arithmetic which impresses one 
with the probability that the order of nature is in- 

in the 
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herent in the graaular structure of electridfy and 
wiergy. 

Start with the simple Bwies of numbws, 1, 2, 3, 4, 
5 and BO on. Write the reciprocals of theee, thus, 
1, lA lA V^- '^^ ^^^ ^^ squares of these 
reciprocal^ thus, 1, 1/4, 1/9, 1/16. Nov assume 
that we know for any atomic system its hi^est 
possible frequency of radiation. As a matt^* of fact, 
it is a little ova* three million, million, million, and 
is known as the Rydber^ constant. To find tbe 
lowest frequenpy we take the difference between 1 
and 1/4 and multiply it into this constant frequen(^. 
We thus obtain the line of longest wave length. For 
Qie next line of this same series we multiply the 
Rydberg constant by the difference between 1 and 
1/9, and 80 on for the other lines of the Lyman 



The Balmw series, which has its head (highest 
frequent^) in the visible spectrum, is found by tak- 
ing the second number of the series of squared 
reciprocals, namely 1/4 and subtracting from it the 
next, namely 1/9, and then proceeding as before. 
For the third series, which has a head of still smaller 
frequency, we start with the third term, and subtract 
from it successively the fourth, fifth, and succeeding 
terms. 

These series involve a relatively large number of 
terms. For example, in the spectra of catain celestial 
bodies thirty-three hydrogen lines have been ob- 
served Trhidi corre^K>nd to those calculated for the 
Balmer series. Fig. 31 (Plate IV, opposite p. 131) 
shows a photograph of a hydrc^en spectrum. In the 
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laboratory, however, only twdve lines of the araies 
are reproducible by dischai^g electricity throu^ 
a tube containing a little hydrogen gas. 

According to the Bohr theory the higher the num- 
ber in the series the greater will be the radius of the 
electronic orbit. The greater this orbit the greater 
is the apparait aze of the atom, as was pointed out 
on page 13. If, therefore, atoms are to have large 
electronic orbits their centers must be widely separ 
rated, and hence the gas denaty must be small 

At ordinary atmosphmc pressure, howev^, the 
molecules in a gas are relatively close together. As 
the numbra* in any enclosure ia reduced the pressure 
whidi they exert, or, what is equivalent, the extonal 
pressure necessary to constrain them to this volume, 
is ccHTesptmdingly reduced and the average distance 
between molecules is increased. With the modem 
vacuum pump the number of molecules in a given 
vessel may be so reduced that on the average indi- 
vidual molecules will travd twenty miles between 
collisions with othw molecules within the tube. (Of 
course we are not considering reflecting collisions 
with the molecules of the walla) Undw these con- 
ditions, despite the fact that the tube will still con- 
tain about a thousand million molecules in each 
cubic centimetw, the average distance between mole- 
culee is ffliormoualy greater. 

Only in a highly evacuated tube would th«e be 
the possibility of large electronic orbits. The cor- 
responding spectral lines are not visible, however, 
because the whole mass of the gas in the tube 
is insufficient to give sufficient iuteaiaty of ra- 
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diation to permit detection. In the neighborhood 
of stars, on the oth» hand, the mass of the gas is 
sufficient and its rarefied condition meete the re- 
quirement as to gas density so that lines correspond- 
ing to larger orbits may be observed. On the baas 
of the Bohr theory, therefore, the failure of exp«i- 
mraiters in the laboratory to reproduce or to obsMT^e 
the highOT frequencies of the Balmer sraies becomes 
explainable. 

Apparently, also, there is no normal size for any 
atom. Its effective diameter depends upon the larg- 
est orbit of its electrona Whether or not an electron 
moves into a larger orbit depends upcai the restrain- 
ing effect of nei^boring systems and upon the 
violence of the disturbance to which it is subjected. 

The smaller orbits are more stable because of the 
greater tractation between nucleus and electron. 
Hence an electron which has been displaced to a 
larger orbit returns to one of smaller size and greater 
stabihty. In so doing it radiates a quantum of 
energy and the value of the frequency which de- 
termines that quantum is apparently that of the or- 
bit which it assumes. For large displacemente the 
electron may assume successively smaller and smaller 
orbits and thus give rise to a succession of lines in a 
spectral seriea. 

When a la:^ number of atoms are involved, as 
thM^ must be if a measurable effect is to be observed, 
individual atoms may be emitting different chai'ac- 
teristic frequencies. To the obaoTM*, however, thwe 
appears a number of lines of the series, just as if they 
were simultaneously produced by a angle atom. ITie 
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fact ihsA they are intermittent and originate in 
separate atoms is obscured, since he deals with them 
statistically in terms of average effects. 

Bohr's method and its successes may now be 
briefly summarized. He dealt most suecessfully 
with the hydrogen atom which haa only a angle 
electron and, therefore, the simplest possible struc- 
ture. Upon the assumption of non-radiating or- 
bits he was able to apply to the motions of electrons 
in such orbits the same mechanical principles as hold 
in the case of planetary rotations in celestial systems. 
By the adoption of the quantum hypothesis he was 
enabled to calculate the energy changes involved in a 
diange from one non-radiating orbit to another. In 
calciUations he had at his disposal previously ob- 
taioed valura for the mass of an electron, for its 
charge, and for Planck's constant. In terms of these 
he calculated the diameter of a hydn^n atom and 
the corresponding frequency of an electron revolving 
in this orbit. He also calculated the amount of 
enwgy required to displace an electron completely 
from the hydrogen atom and thus found the poten- 
tial necessary for the ionization of hydrogen. His 
values agreed very well with those obtained by other 



He further calculated, on the basis of his theory, 
the Rydberg constant for hydrogen. The value thus 
derived differed only one per cent from that obtained 
by a study of spectra. At that time the head of the 
Lyman series had not been discovered, and its exist- 
ence was in effect predicted by the Bohr analysis. 

.oogk 
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Similar aucceasee ' also accompamed the theoretical 
BtU(ty of the frequencies which were to be expected 
in the case of heUum. 

In tJie Bohr fwmulae there are implicitly conteined 
a Iai:se nmnW of statements which have sdnce been 
checked. His expressions fcH* hydrogen and helium 
^ow ihe entire range of possible frequencies. The 
theory, howevw, has been extended by Sommerfeld 
who endeavored on the basis of an elliptJcity in some 
of the orbits to accoimt for the fact that the diarac- 
tcristic lines are not always ojigle^ as would be re- 
quired by the ample theory of circular orbits. 

It has already be»i stated that three series of char- 
actwistic lines appear in the X-ray spectra of the 
elements above sodium and that the X-ray spectra 
of the elements bebw sodium have not yet been de- 
termined. On the ba^ of the Bohr theory, which 
implicitly includes the relation determined experi- 
mentally by Moseley, it is now possible to assert that 
the Lyman, Balmer, and Pascheu B^es for hydrogen 
are the K, L and M series of its X-ray spectrum. 
As the atomic number decreases, the frequency of 
the characteristic X-ray spectrum also decreases. If 
this relation is extended by extrapolation to hydro- 
gen it gives for each of the three X-ray series the 

'On the other hand, there are several observable phenomeiu 
which have not been ameuible to treatment aa the Bohr as- 
sumptiona. The Bohr atom ia, at preaent, lai^ely a conveoient 
assumption. 

' It has also been eugeested by A. C. Crehore that the multi- 
pUoitj' of fiae Imes which appear in spectra is due to the nature 
of the paths which displaced electrons fdlow in their return 
towurd ue nucleus. 

L, ,z,;i , Cookie 
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head line (highest frequency) in one of the three 
hydrogen series. 

It appears, therefore, that the mechanian for the 
production of lig^t is fundamentally the same aa that 
for X-rays and that the only difference is one of fre- 
quency. The X-ray spectra are merely the highest 
frequKicies for atoms of large atomic number. Be- 
low each of these hi^est frequencies there is a series 
of terms representing frequencies some of which may 
not be visible under experimental conditions. 

In the case of the metals the spectra which are ex- 
cited, when an electric arc ia formed in the metallic 
vapor, are complicated by hundreds of lines. An- 
alysis has not yet been accomplished for these eases 
but it seems safe to consider that the lines in these 
arc-spectra represent lower frequencies in swies 
which are headed by the diaraeteristdc X-raya 

Bohr's formula implied between the different 
series of X-ray spectra a simple relationship which 
goes far to indicate the fundamental correctness of 
his assumptions. The relationship was verified by 
reference to the experimentally detamined facts. 
In the K series whidi is shown in Fig. 26, the line of 
longest wave length (smallest frequ^cy) is deag- 
nated by alpha, and the next by beta, after the con- 
ventional manner for all spectral s^ies. According 
to Bohr'a theory the difference in frequency between 
the beta and the alpha lines in the K smee of any 
element diould be the frequency of the alpha line of 
tiie L s^es. 

This is understandable if we think of ihe alpha line 
in the K series as due to jiunping from orbit 2 of Hg. 
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32, to orbit 1 ; of the higher frequency beta line, with 
its larger quantum, as due to jumpii^ from orbit 3 
to orbit 1 ; and of the alpha line of the L swies as due 
to jumping from orbit 3 to orbit 2. The same idea 
may be obtained alao by referraice to the arithmetical 
operations of page 158. 

The permaneait configuration whidi is reached 
when an electron diangea in orbit is always one in 
ttie formation of which the maximum amoxmt of 




FiQ. 32 
Simplified diagram of electronic orbits in the Bohr atom-model. 

energy is anitted. The extreme case occurs when 
an isolated electron joins a nucleus in the formation 
of an atom or neutralizes the negative charge pos- 
sessed by an atom whidi by ionization has already 
lost an electron. For this reason radiation of line 
spectra occurs only in the case of an ionized gas. It 
does not accompany the process of ionization which 
absorbs energy but only the process of recombination 
when this energy is released. 

For the basic ideas involved in the Bohr atom- 
model tii&re is a lai^ amount of evidence. It will 
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be noticed, however, tJiat it does not conform to tiie 
picture of atom structure which was given in our 
early chapters, where the electrons were assumed to 
occupy relatively fixed positions in the atom. The 
concept of definitely localized electrons is hi^y 
satisfactory to the chemists who have found it to ex- 
plain not only val^ice in (^emical combinations but 
also many phenomma like the miscibUity of different 
liquids, t^idendes to vaporize, and hence melting 
and boiling temperatures. In sudi matters mole- 
cules which are believed to have like shells of elec- 
trons are found to have similar properties. 

Between the diemists who are int^'^ted in molec- 
ular combinations and such physicists aa are con- 
cerned with radiation there is at present established 
a gulf. Each finds his own atom-model most con- 
venient and satisfactory. The chemical model is 
due to a numbw of scientists, diief of whom are 
Lewis, who first suggested its general features, and 
Langmuir, who has elaborated and extended it. It 
requires that the electrons effective in valence re- 
lations shall be relatively fixed. The Bohr atom re- 
quires t&at some, at least, of ihe electrons shall be in 
rotation. 

It seems quite probable, nevertheless, and indeed 
more or less inevitable, tiiat the two conditions are 
not hopelessly, conflicting and mutually imposable. 
According to the chemists' construction the valence 
electrons in all except a few of the atoms are in ex- 
ternal sheila within whidi are other shells of elec- 
trona Perhaps these inner shells contain the ro- 
tating electrons whidi detrainine tiie radiation of the 

L, ,_ . .Coogit; 



CHAPTER XIII 

VOBB BVIDSNCE FOB THE QUANTDM HTPOTHESIS 

In preceding chapters tli^*e have been mentioned 
two types of emission spectra, line and continuous. 
Of theee the line spectrum is the more interesting. 
It is emitted by elementary substances which are iu 
the state of a gas or a vapor, when the electrons have 
been "displaced to new orbits or completely detached 
from the atoms. The return of an electron is ac- 
companied by a radiation of which the frequency is 
characteristic of the element and the enei^ equal 
to one quantum. Line spectra are due to the 
natural vibrations of electrons and atomic nuclei. 

A continuous spectrum, on the other hand, is a 
phenomenon of substances in the solid or molten- 
liquid state where the atoms are packed relatively 
close together. The atomic systems no longer func- 
tion as untrammelled individuals but as members of 
a lai^ and unorganized crowd. Each is limited in 
the expression of its tendencies (line spectrum) by 
the interrelations and reactions with the other 
systems of its milieu. Energy, imparted to the atomic 
systems under these conditions, results in chaotic 
motions on the part of all, which then proceed 
to jostle and crowd each other. Instead of a clear 
individual ^>ression, which is characteristic of the 
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atomic type, thwe arises a roar of notes, exprrasive 
only of conflict and chaoa No long^ are types 
easily distinguishable by cbaiwjteriBtic lines for the 
spectra are continuoua. Of tliis phenomenon all in- 
candescent solids are examples. 

When the disturbance is excited by impacta, as in 
tiie caae of "white" X-rays, the highest frequency 
which is radiated is determined by the quantum of 
energy which is brou^t to the radiating substance 
by an impinging electron. A quantum relationship 
is also involved in radiations of lower frequency. 

Under the conditions where a continuous spectrum 
is produced the normal oscillating ^rstems of nuclei 
and planetary electrons are altered by the close 
presence of other systems. An electron is no longer 
concerned only, or even primarily, wi^ its natural 
oscillation, for the electrons of each atom are fcaxjed 
to adapt their motions to the external influences. 
To all effects and purposes, therefore, the radiating 
body contains at any instant a very lai^ number of 
oscillating ^^stems which differ markedly from one 
another in form of vibration and in frequency. Mole- 
cules and atoms, as well as the intraratomic elements, 
enter into oscillation. It is a mad dance, in which 
the partuM^ are changing from instant to instant, 
each pair dancing to ita own tune. Where molecules 
and atoms are vibrating, frequencies of infra-red 
radiation are produced. Where an electron is a part- 
ner the frequency is that of ultra-violet light. In 
the visible range fast vibrations of atoms or slow 
vibrations of electrons are presumably the cause of 
the radiation. 

D,.;,l,ZDdbyG00gle 
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When we speak of abcxm as req>onsible foe radia- 
tion we do not mean neutral atoms, but, instead, 
tiiose whidi are electrically charged as by the tem- 
porary loss or gain of an electron. That such atomic 
systems exist m solids we have aeoa m considering ' 
conduction of electricity throu^ metala High tem- 
praature, with its increaaed molecular agitation, also 
favors the fonnation of such atomic oacillatcHa 




Fio. 33 
Croon nection of a uniform temperature enclosure, showing at p 
a peephole fQr studying the radiation within. A circulation of 
Bt«am maintains the temperature. Screens SS shield the measur- 
ing instrument /. 

Due to dose packing of molecules, atoms, and elec- 
trons, any solid body possesses a large numbw of os- 
cillators of different electrical and geometrical di- 
mensions and hence of various frequencies. Such a 
body, therefore, emita or absorbs a continuous band 
of frequendee. The ranission is a commonly ob- 
servable phenomenon. As a metal body, for ex- 
ample, is caused to rise in temperature it radiates 
heat and finally, becoming dull red, starts to radiate 
visibly. As the temp^ature is still further increased 
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it radiates still hi^^er frequoioiea, beconmg incan- 
descoit when its spectrum indudee the visible range. 
The absOTption phenomenon is not so easily ob- 
srared. Let us suppose, however, that a radiatmg 
body is placed in an enclosure, m that of Fig. 33. 
Let the body be in equilibrium with the walls of its 
raidosure, that is with its surroundings, rec^ving 
from them by radiation just as much energy as it in 
turn is radiating to them. If either partno* in tiii^ 
exchange were to absorb more radiation than it emit- 
ted its temperature would rise. The assumed con- 
dition, therefore, is one of temperature equililHium 
and the body is said to be in a unif(»in temperature 
enclosure. 

The assumption of an equality of exchange means 
that the radiation at any point is not affected by the 
nature of the body or its surroundings, nor by theor 
relative location. For example, if part of the surface 
is oov««d with lampblack it absorbs neu-ly all of 
the radiation which falls upon it, but it must radiate 
an equal amount to satisfy the condition of equilib- 
rium. Similarly, if part of the surface is covered 
by polished metal it will reflect most of the radiation 
and hence need radiate less to equal what it absorbs. 
The radiation within a uniform temperature en- 
closure is thus everywhere the same. 

Fot this reason it is impossible by the radiation to 
distinguish one part from another. Within a cave 
all objects are equally black unless there is li^t from 
an Kitrance, or unless the condition of equilibrium 
is violated by the presence of a torch, which is an ob- 
ject of bi^er temperature, not in equilitaium with 
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its suiToimdings. Similarly if one looks into a cru- 
cible or into a large furnace when conditions are 
stable. There is a glare of light, but the inner sur- 
faces are just as indistinguishable as are those of the 
cave where tfie tempCTature is Iowct. 

Within a imif(»in tempo^ture enclosure the ra- 
diation is altered in intensity and in quality only as 
the temperature is altered. Por this reason such ra- 
diation is usually called "temperature radiation." 
The enclosure itself is a more or less artificial con- 
dition, an ideal or limiting case of equilibrium, which 
has been adopted by scientists because it p^roits 
them to concentrate their attention on the medium 
within the enclosure. In general, bodies are not in 
temperature equilibrium with their surroundings, 
and particularly not when these include a human ob- 
SCTver. By his temperature sense he is frequently 
able to detect a lack of temperature equilibrium be- 
tween himself and his surroundings. 

Two important laws as to temperature radiation 
have been known for many years. To appreciate 
them we must decide upon a method of measuring 
temperature. In scientific work temperature is 
measured in degrees centigrade, each nine-fourths of 
a d^ree Fahrenheit, but the zero is the so-called 
"absolute zero." 

This is based upon a phenomenon of gaaes. When 
a gas is heated one degree it is found that the hap- 
hazard molecular motion of its molecules is increased 
and that the pressure whidi it exerts upon the walls 
of its container is also increased by about one-273rd 
part of the pressure which this same volume of gas 
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would exert at zwo degrees centigrade (32" F.). 
Conversely, if it is cooled by an equal amount there 
is a Eumilar reduction. The explanation of the pres- 
sure is found in the impacts of the molecules on the 
sides of the container, battering it like a steady rain. 
The effect of tempCTature changes is explained on 
the basis of additions of kinetic enra^ to the mole- 
cules of the gas or of subtractions and hence of corre- 
sponding alterations in thrar avra-age speeds. 

Actual gases condense into liquids and freeze into 
solid form at low temperatures (and under hi^ pres- 
sures externally appUed). The scientist, therefore, 
establishes an ideal thermometer- by using an ideal 
and imaginary gas which will retain throughout all 
possible ranges of temperature the characteristic 
which actual gases like hydrogen show at ordinary 
atmospheric temperatures. Except for the low tem- 
p^attu^s hia ideal thermometer is identical in be- 
haviour with an actual hydrogen gas thermometer. 
From the ideal gas, however, he may imagine the 
energy to be successively subtracted until the kinetic 
energy of the molecules is reduced to zero and the 
pressure which they are capable of exerting is also 
zero. Since each degree decrease in temperature, be- 
low zero on the centigrade scale, reduces the pressure 
by 1/273 of its value at zero eentifjrade it will only 
take 273 such decreases to arrive at an absolute zero 
of temperature. On this thermodynamic scale of 
temperature ordinary room temperature is obviously 
a little less tlian three hundred degrees. 

In terms of absolute temperatures we may now 
express two important empirical laws of radiatirai. 
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The first of these is known as Will's law. In any 
teinp««ture radiation there is some frequency which 
haa m(H:« radiation than is associated with any othw 
frequency. This frequency becomes greats as the 
temperature is made higher; and it is direcUy pro- 
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FiQ. 34 

Curves Bbowing relation of inteosit; of raduitian and frequency of 

ra£ating eource at different temperatures. 

portional to the absolute tonperature. Th«re is 
thus a displacement of the frequency of maximum 
radiation toward the ultrarviolet portion of the con- 
tinuous spectrum as is shown graphical^ in the 
curves of Fig. 34. 
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The other law, due to Stefan and Boltzmaon, 
statea that the total radiatioa from a heated body 
varies aa the fourth powar of the absolute tempera- 
ture; thus if the tranperature is doubled the rate at 
whidi energy is emitted is increased axteen times- 
It ia also illustrated by the curves of Fig. 34. 

We are now ready to conoder the occaaon for 
Planck's development of the quantiun theory. Up 
to the beginning of this antury, when he made his 
contribution, no adequate theoiy had be^i deveHoped 
to explain, or to picture, the expmmental relations. 
These had been observed by careful expwimente on 
enclosures the radiation from which was measured 
through a small peephole by delicate devices sensi- 
tive to heat. 

Tha« was, however, no thecoy on the bans of 
which formuhe could be logically developed whidi 
contained the relations of actual experiment. 
Planck solved the difficulty by reasoning the steps of 
which have nevar met with gmeral approval but the 
conclusions of whi(^ are firmly eetabli^ed in the 
science of today. 

The diief difficulty in the way of the existing 
thec»ies concerned the maono* in whidi a radiating 
body chares energy with its ethereal surroundings or 
absorbs it from them. It was commonly assumed 
that energy must be, or rathffl* ought to be — for the 
condition was contrary to fact — ^mterchanged in a 
continuous manner. A radiating surface was recog- 
nized as composed of a number of oscillators, but 
these were supposed to absorb or emit continuoxisly, 
that is, in txuly infiniteomal succesnve amount^ 
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from or to the ether. For such assumptioiiB there 
was a recognized baas in theories of mechanics and 
electrodynamics. Of tiiis a medianical illustration 
may be quoted from Jeans. 

Suppose we construct a vibrating system by con- 
necting a number of corks togetiier by elastic bands. 
Imaj^ne a complicated ^^tem, if you will, with a 
Iwge number of cross connections between various 
corks. Now disturb this by pulling some of tbe corks 
from their equilibrium posit^ns and then allow the 
natural oscillations to occur. Let this system with 
its sevra-al different oscillations be placed on water. 
The corks simulate a vibrating system. The water, 
with its almost infinite number of tiny molecules, 
and hence infinite possibilities for forms of vibration, 
simulates the ether. We know what happens. 
Equilibrium between these two systems is imposM- 
ble. The enei^ of the corks is all absorbed by the 
water. It goes into vibrations far more rapid than 
those of the corks, for it goes to increase the motions 
of the invisible molecules of the water. 

If the ethw were like this in brfiaviour aU the 
enec^ of the bodies in a t^nperatxire enclosure 
would be abstracted by it. And the energy in the 
ether would be distributed mostly in the vibrations 
of highest frequency instead of having a distribution 
with a definite maximum as is shown in Fig. 34. 

In effect Planck's solution of the difficulty con- 
sisted in postulating a condition which would fit the 
observed pihenomenon. 

To an economist or an actuary each exprerimental 
curve of Fig. 34 looks something like a so-called 
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probability curve, such a curve, for example, as one 
would plot if the vertical distances refwesented 
numbers of men and the horizontal distances repre- 
sented corresponding lengths of life. If the various 
oscillators in the radiating body differ in their abili- 
ties to absorb or emit radiant energy, each being 
capable of only a definite amount, then the frequency 
of maximum radiation should depend upon the char- 
acteristics of these oscillators just as the maximum in 
a plotted curve of mortaUty statistics depends upon 
the characteristics of the class for whidi it is con- 
structed. To a very large extent, as we shall see, 
Planck's theory constituted a theory of probability 
for electrical oscillators. 

As you remembw, he assumed that an oscillator 
could handle only a quantum of energy; and by 
quantum he meant an amount proportional to the . 
frequency of vibration, the amount hn. Oscillators 
of low frequency, even if relatively numerous, will 
handle but a small portion of the total energy and 
contribute but little because the amount which each 
individual oscUlator may handle is small. On the 
other hand, oscillators of large frequencgr will respond 
only if thM^ is available a relatively large amount of 
enei^ since thdr quanta are greater. To function, 
however, the highOT frequency oscillator must re- 
ceive its quantum all at once; it cannot make it up 
from several successive smaller quanta. Since large 
quanta wiU probably occur only infrequently, this re- 
quirement means that th«% will be little total energy 
associated with the oscillators of bi^ frequency. 
The maximum radiation, therefore, will occur in {he 
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middle range of frequraici^ as iiie exp^nmental re- 
sults iudicaie. 

Upon the aasumption of quanta Plaadc's relations 
are calculable imd^ the ordinary laws of probability 
as was shown by Jeans some time later. For pur- 
posea of following the latter's method one limits his 
consideration to a narrow r^cm of frequencies. The 
quantum will be essentjally the same for all the fre- 
quencies within this narrow band. It ia then pos- 
sible to calculate the probability that any given os- 
cillator of this frequency will have zero enei^jjr the 
energy of one quantum or that of two, and so on. 
Summing up the ena^ which a lai^ number of 
similar osciUatOTs would probably have at this fre- 
quency, Jeans obtains the basic expression of 
Planck, namely, an expression for the probable 
avo-age energy of an oscillator at any deured fre- 
quen{y. 

It was Einstein, as a discrete, or indiscreet, elec- 
tron remarked between chapters, who applied this re- 
lationship with considerable success to the problem 
of the specific heat of solids. 

Different substances, but equal quantities by 
weight, are found to require different additions of 
heat, that is energy, to produce equal increases in 
temperature. The amount is ^ecific to each sub- 
stance, and h«ice, the term "specific heat" is applied 
to tiie amount of heat required to change by one de- 
gree the temperature of unit mass of a given sub- 
stance. The common unit for expres^g this mag- 
nitude is ^e calorie which represents approximately 
the amount of en^gy necessary to raise one gram of 
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water one degree Centigrade, and exactly, that re- 
quired for the degree increase in temperature be- 
tween 15 and 16 degrees Centigrade. 

Tempffl-ature, of course, is a numerical answer to 
the question "how hot." As has bera implied above, 
it measures the difference in hotness of substances 
the molecules of which di£fM' on the average in the 
kinetic energy which is associated with their hap- 
hazard motiona If body "A" is hotter than body 
"B," the molecules of "A" have, on the average, more 
kinetic esaecgy than those of "B". It is for this 
reason that a hot and a cold body when placed in 
contact come ultimately to a common tempn'ature. 
By molecular collisionB at the contiguous boundaries 
a portion of the ena^ of "A" is imparted to "B" 
xmtil finally the molecules of both substances have 
the same average value of kinetic ea^gy. 

Because of differences in molecular structure one 
may predict at once that different substances will 
have different specific heats. A fairer basis of com- 
parison, however, than amounts of heat for equal 
masses would be the amount required for equal num- 
bers of molecules. Molecules of similar structure 
should require equal amounts of energy fra* equal 
changes in temperatiu^, that is, they should have 
equal "molecular heats." Thus we should expect 
monatomic molecules to be alike in this respect. 

In a monatomic structure the mass is almost en- 
tirely concentrated in the nucleus, whidi is the center 
about which any molecular rotation must occur. 
From the familiar example of flywheels, we know, 
however, that if a rotating body is to have associated 
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with it lai^ amounts of eaergy, the mass moat be 
separated from the axis of rotation by a large dis- 
tance. Because monatomic molecules are not con- 
structed on tiie plan of flywheels, for the planetary 
electrons are negligible in mass as compared to the 
nucleus, they have no appreciable energy of rotation. 
When heat is added to monatomic gasee it all goes to 
increase the kinetic energy of translation of the mole- 
cules. 

A diatomic molecule, howeva", would be expcted 
to acquire and to store energy in a rotation or sp -i- 
ning of its ^ure-ei^t-shaped structure and particu- 
larly in a vibration of the component atoms with re- 
spect to each other. In the haphazard motion of 
sudi molecules when coUioon occurs, the atomic 
partners may be set spinning, w they may momen- 
tarily be crowded tc^ether, and thus vibrations may 
be set up within the molecular system itself. It ap- 
pears evident that collisiorts will lead to such trans- 
fers of enwgy, and hence that some of the specific 
heat of diatomic substances will represent spinning 
and vibratory motions, in addition to the haphazard 
translations of the individual molecules. 

The molecular specific heat of a substance should, 
tha^fore, depend upon the molecular structure, 
being greatw fM* structures which have greater 
variety in possible types of motion — more degrees of 
freedom, as it is tedmically said. There is nothing, 
however, to indicate that the molecular spedfic heat 
should be different at different tanperatures. We 
should expect that it would require the same fraction 
of a calorie to change a substance from 100 to 101 
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degrees aa from 200 to 201 d^rees. Of courae, if a 
diange in molecular state occurs as, for example, 
from liquid to vapor, the number of d^rees of free- 
dom may be changed and we may be dealing in effect 
with a different substance. As bng, howevM", as 
there is no change of state, it would appear that tlie 
specific heat of any substance Eiiould be constant 
without r^ard to temperature. 

For monatomic gases it is; also for metals in a va^ 
por state; but for all other substances ihe specific 
heats are found to be markedly decreased as the tem- 
pM-atures at which they are measured are lowered. 
Hwe again no adequate theory had been presented 
prior to the application of the quantum hypothesis. 
The theory is stUl too incomplete to account for any- 
where near all experimental facts, but the successes 
of the quantum hypothesis are sufficient to indicate 
that the final solution must involve its use. 

Flanc^ had derived an expresKon for the probable 
avera^ en^gy, involving a lai^ number of similar 
oscillators. This Einstein applied to the study of 
the specific heats of solids. The formula ts too com- 
plicated for complete discussion, and it must suffice 
to" say that it involves the absolute temperature of 
the substance. A mathematical operation was then 
required to find the rate at which this energy changed 
with temperature, that is to find the specific heat, 
which is the rfiange in en«^ content of a body per 
degree of temperature. The expression so obtained 
was in form to permit the calculation of the specific 
heat of solid substances tit any desired temperature 
if the frequency of the oscillators was known. 
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Sev«^ methods were then devised by Einstein 
and others for obtaining this frequ«icy experi- 
mmtalb^. Of these, only one will be discussed. This 
d^)end8 upon a numbo' of principles which have al- 
ready been mentioned. In the derivation of the for- 
mula for specific heat it had already been assumed, 
for simplicity, that all the oscillators of a homoge- 
neous body were essentially aliie. It remained to 
excite them in sudi a way that their characteristic 
or natural osciUaticms could be detected and their 




Croes-section of apparatiu for studying residual rays. Radiation 
fiom a source T is successively reflected from bodies of the same 
substance. The residual rays ore analysed by the spectrometer, 
diagram matically indicated at L. 

frequency measured. You will remonber that re- 
flection is re^y re-radiation. Any reflected radia- 
tion must then include most prominently those ra- 
diations which are of the same frequency as the os- 
dllators would themselves naturally emit. The 
phenomenon is one of resonance, so-called — that 
is the ph^iomenon of greatest response when the ap- 
peal striloes the proper personal note. 

If, therefore, a i^bstance is illuminated by a con- 
tinuous spectnmi of radiation, such as would ariae 
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from a black body which is emitting temperature 
radiation, the reflected radiation will contain more 
int^Bely the frequencies natural to the osdllators 
of the body. Now let thia reflected radiation fall on 
another body of the same substance as the first The 
general sdieme is illustrated in P^. 35, where the 
progress of the beam of radiation is indicated by the 
dotted lines. (A mirror, M, is interposed at one point 
to deflect the beam.) At the second refleetii^ sur- 
face there is a further selection of the natural fre- 
quencies, and a furth«- discrimination against all 
othera By successive reflections there are thus ob- 
tained so-called "rewdual rays," which are those 
natural to the oscillators under examination. 

When the natural frequency is known the calcuhir 
tion of specific heat by Einstein's method may be 
completed. For certain substances his formula was 
found to give results wonderfully in accord with the 
experimental findings. For other substances tha« 
was an unsatisfactory lack of agreement. NevOTthe- 
less, the formula agreed in such cases with the general 
trend of the relations between specific heat and tem- 
p^ature. It indicated a c^lain ccsrectness of tiie 
general method of approach which other investi- 
gators have been rapidly extwiding. Thus inquiry 
in another fidd of phymcal science was stimulated 
and is bdng advanced by the fruitful hypothesis that 
enei^ is transferred in discrete bundles, the magni- 
tudes of which are depjendent only on the frequendes 
of the atomic and electronic oscillates ^hich are 
eoncemed. ^ 
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CHAPTER XIV 

BNEBOT AND ITS AVAIIABILFIT 

In Uie earliw chapt^B of this book the (»xia-ly 
structure of matt^ was emphaaized. In the later 
chapters some evidence was presented vfiuxk favors 
a conc^t of "atomicity" for energy. Throughout, 
it is to be hoped that the text has conveyed an idea 
of the inher^it structural ordNr of natiu^. Now we 
must distinguish between order in stmeture and 
order in process. The processes of nature are ordwly 
only in the sense that they constitute phases of an 
inevitable sequence of evraits. They may and in- 
deed always do result in a cralain disord^ which we 
shall now consider. Of chaotic conditions we have 
had some intimations from the motions of molecules, 
particularly those of gaseous substances, and from 
tiie electrical elements which are responsible for con- 
tinuous spectra. 

The orderly processes of nature whereby disorder 
results have been formulated in a law commonly 
known as the second law of fbennodynamics. It 
would be prefwable to speak of a first and second law 
of energy rather than of thermodynamics, but they 
retain the, titles, descriptive of their evolution, for 
both arose* at a time when the relation between heat 
and energy was inadequately conceived. Both laws 
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express relations which have been grasped more or 
lees intuitively, particularly tibe second law. 

The first law states an equivalence between work 
(en&cgy) and heat; and in mathematical symbols it 
contains an empirical constant for converting units 
of heat into units of energy. Prior to the statement 
of tiiis law heat and medianical work had seemed 
unrelated phenomaia'and different units had been 
adopted for the two magnitudes. Of these the 
calorie has already been defined ; the other imit is tiie 
erg. WhenevM-, under experimental conditions 
energy, associated with molar bodies disappeared, 
there was found a definite increase in heat which 
bore the proper nummcal relationship to the amount 
of energy. 

For many years, howevw, it hag been recognized 
that heat is merely a descriptive term for Hxe kinetic 
energy of molecular, bodies. Today we conceive of 
energy as associated with all electrons and protons, 
with their configurations and their motions; and the 
first law becomes oxir statement of belief in the con- 
servation or indestructibility of the entity energy. 

The second law, which followed the work of SadI 
Camot about 1824, has also outgrown its earlier 
narrows application to heat engines and become a 
general law of ena*gy. At various times it has re- 
ceived many expressions, of which the most service- 
able are formulated in sjonbols and involve a con- 
cept known as entropy. To this we shall return in 
a moment. ,- 

In so far as the second law is a matter of experi- 
ence it records the impression that there are certain 
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natural processes. Water flows down hill; electric- 
ity moves from points of hi^er to points of lower 
potential; by radiation, and by actual molecular im- 
pacts if posuble, a net amount of energy is txans- 
fwred from a hot to a cold body; impacts of molar 
bodies and all phenomoia of friction result in 
transfers of energy to molecules. In fact, all natural 
processes, dir^ly or ultimately, result in greater 
kinetic energy on the part of molecules. AH me- 
chanical operations involve friction and hence all 
contribute to increase the kinetic energy of molecular 
and submolecular sj^tems. Similarly, the con- 
duction of electricity and many ^ diemical reactions 
result in greater activity on the part of the tiny 
grains of our physical univwse. 

Sometimes the second law is stated by saying that 
alUiou^ work (the expenditure of energy in con- 
nection with molar bodies) may always be converted 
into a definite equivalent of heat the revise trans- 
formation is always incomplete. This was the earli- 
est expression of the law and it was readied by a con- 
sideration of heat engines. Even if there were no 
friction whatevCT, a heat engine could nevK" be 100 
pw cent efficient unless its lowest temperature was 
zwo on the absolute scale of temperature. The prop- 
osition was originally proved by Camot, who dealt 
theoretically with an ideal engine and found that the 
efficiency dqjended upon the ratio of the lowMt tem- 
perature, say that of the atmosphere, to the highest 
tempwatUfe, say that of the boiler. The ^eiency 
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ia always lese than 100 per cent by the number of per 
cent represented by tiiis ratio. Since temperatures 
are measured from the absolute zem it is evident that 
all actual converaona of heat into work are remark- 
ably inefficient. Of the mechanical en^gy derived 
from heat energy there is always a cwtain amount 
whidi is expended in friction, so that the actual ^- 
ciency is even less than the "thermodynamie effi- 
cienc^" which has just been explained. 

Energy once converted into heat and embodied in 
molecular motions can never be completely recov- 
ered. Strictly speaking, therefore, all natural proc- 
esses are irreversible because things can never be as 
they were. The fundamental cause of tiiis so-called 
"thermodynamic irreversibility" is to be found in the 
chaf acteristics of molecular systema 

Any material systems which we may use in experi- 
mental investigations involve billions and billions of 
molecules. With these we can only deal statistically 
td'eating of av^age effecta Because of their large 
number, however, the desired average effects may be 
studied by the laws and methods of probability, the 
mathematical science of chance. 

In this field Maxwell made one of his many con- 
tributions to science. He determined the distribu- 
tion of velocities, among the molecules of a gas, 
which would satisfy the expwimentally observed 
condition that the preseure on the walls of a retain- 
ing vessel is constant when the temperature is con- 
stant. He found that no matter how collisions oc- 
curred tiiOTe would be a definite avCTage velocity 
(perpendicular to the surface of the contwDM*) and 
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that tiie proportion of the total number of molecules 
which had any particular velocity, eithM" greater or 
less than the average, was definite and calculable. 
If a plot is made, showii^ the percentage of mole- 
cules striking the container and their corresponding 
velocities, the result is the fonn of probability curve 
shown in Fig. 36. 

We have already met one application of the theory 
of probability in the development of an expression 
for the avCTage energy of a large number of oscil- 
lators, each restricted according to the quantum hy- 
pothesis. 



Velocil-y ■ 
Fia. 36 
DiBgrammatic repreeentatioD of Maxwell's distribution of molec- 
ular velocities. 

We shall now sketch briefly an appUcation of the 
method of probabilities by whidi Boltzmann arrived 
at a concept of entropy, the characteristic magnitude 
in t«Tns of which tiie second law is most satisfac- 
torily expressed. Imagine looking across two paral- 
lel tennis courts. The players are warming up for 
two sets of doubles and each member of a team is 
volleying with an opponent so that four balls are 
constantly in the air. We shall distinguish between 
the balls by the letters a, b, c, and d. 

The distribution of the balls with reference to the 
line of the nets changes from instant. to instant. At 
one moment all four may be on the east ade, and a 
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moment lat^ three on that ^de and one on the west 
There are obviously five poesible distributions, 
namely ; all east, all west, three east and one west, or 
vice versa, and two on each side of the net. 

For any distribution ^ere is one or more "com- 
plexions," as they are called. Thus the distribution 
of three east and one west m^t be the result and 
would c(»Tespond to any one of four complexions, 
for there are four diffwrent ways in which we may 
have three balls on one side and one on the other. 
If we tabulate the various possible complexions we 
have the result given below: 

Distribution Complexion 

East West East West 

4 abed 

3 I abc d 



acd 
bed 



«d 


br 


br 


ad 


ha 


ac 


cd 


ab 



a bed 

b acd 

c abd 

d abc 



o 4 abed 

The distribution of two balls on wtheriide of the 
net is the most probable distnbution. Out of ax~ 
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teen possible complexions this distribuUon oontuns 
ax, and that with the next, lai^et niunber contains 
four. For purposes of lata* analogy we also note 
that this distribution of two and two represents a 
sort of an equilibrium condition. We mi^t also 
note that from the standpoint of an att^idant, who 
is accustomed to seeing balls neatly packed in dozens, 
the distribution is not that of ord^. 

Now forget the players, letting the balls r^reaent 
molecules of a gas and let their number be enormous- 
ly increased. There will still be a distribution which 
will contain the maximum number of complexions 
and this will be the most probable distribution. It 
will also be Ihe most probable state for the gas, the 
final "equilibrium state" toward whidi systems of 
gas molecules inevitably tend. It wiU be the state 
with the largest numb^ of complexions and the 
greatest number of ways in which the gas molecule 
may be associated, the state of greatest disorder. 

As Boltzmann defined it, "thermodynamic prob- 
abilitjr" is a numb^ which expresses how much more 
probable a given state is than some "standard" or 
pwfectly ordered state in whi(^ the substance occu- 
pies the same volume and has the same Miergy. 
For example, from the preceding table we see that 
the probability of the most "mixed-up" state is six 
times that of the state where all the balls are on one 
side of the net. The mixed-up state is most prob- 
able. There is always a natural trend toward the 
greatest disorder, toward the state of final equilib- 
rium. ' 

When four balls are on one side of the net th«e is 



ENERGY AND ITS AVAILABILITY 191 

greats enei^ associated with this side than with the 
other. Hence, if we w&ee dealing witli molecules we 
would expect to obtain some of this e^wgy by allow- 
ing them to pursue their natural haphazard motions 
and by their impacts to drive before them a molar 
body like the piston of an engine. Haphazard mo- 
tions wiE cairy the balls across the net and they can 
do mechanical work, as, for example, upon a racquet 
held in their, way. In the equilibrium state, how- 
ever, no mechanical work can be recovered, for on the 
average a racquet held over the net would receive as 
many and aa hard impacts from one side as from the 
other. We now see that we eaimot utilize or obtain 
from a gas, in the state analc^ous to four balls on 
one side, all the en^^gy which its moleculee appear to 
be able to expeaid, since the natural process upon 
which we rely proceeds only to a final equilibrium 
state corresponding to that of two balls on either side 
of the net. 

Unfortunately for the purposes of ea^ expoation, 
thermodynamic probabiUty and entropy are not 
synonymous. Thwe is, howevw, a definite relation 
between them. If one increaaes the other also in- 
creases but not in direct proportion. With this 
understanding we may proceed to use the term en- 
tropy in place of thermodynamic probability. 

All systems tend to a final state of maximum en- 
tropy, that is a condition of greatest molecular die- 
order from which no mechanical work may be de- 
rived. Not only no mechanical work but also no 
chemical or electrical dianges can be brought about 
by such a system of itself in sudi a manner aa to per- 
, . , .Coo>;lc 
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mit eaergy to be dwived from these changes. The 
equilibrium condition is a "run-down condition" 
which offers no hope to human b^gs who would 
control nature's store of en^gy. Although energy is 
still associated with the system its availability has 
disappeared. 

Human b^gs need never be concerned with the 
conservation of energy since that is apparently in- 
herent in the entity it«elf. Their concern is wilh its 
availability. When energy transformations occur 
naturally, and in final analysis all transformations so 
occur, there is a reduction in availabili^, or as the 
scientist says, an increase in entropy. There is no 
known or anticipated scientific procees, despite all 
the discoveries of radioactive substances, whereby 
this inevitable and natural intrease in entropy may 
be avoided. It does seem xmnecessary, however, 
that man should accelerate the irreveruble trans- 
formations of nature. This he does whenever he 
fails to take from a natural process, as, for example, 
from the combustion of coal, the full amount of use- 
ful enei^ which is his equity in accordance with the 
second law of thermodynamics. 

The final Mid of any consK^ative system, one 
which does not have energy communications with its 
ne^bors, is not stagnation but disorder. Ordwly 
systems may have no more energy than disordwly 
^^tems but their energy is partly available. In- 
evitably any orderly system tends to a state of nuud- 
mmn disorder. . In the process of attaining this state 
its own entropy is inra^ased. Only a ca^ain amount 
of its enwgy is available and the fflcpendituft of this 
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margin is man's conc^n. It may be expended with 
fores^t, as when a wat^all is utilized to make 
chemical compounds in which available energy is 
stored for later release, for example, in nitrogenous 
fertilizers. It may be expended without forew^t in 
.the innumerable ways which history records, fivery 
fire or expbsion, every inefficient process, represents 
an increase in the world's ent«>py — the sum total of 
its disordea*. 
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APPENDIX 

THB MAGNITUDES Ot BLBCTBONS AND QUANTA 

To a considerable extent the exposition of the 
previous text has been unrelated to our daily experi- 
ences. It has dealt with nunute protons and elec- 
trons, with quanta of energy, and with granular 
structures so fine that they are only to be inferred 
and never to be seen. In this Appendix it is now 
proposed to assemble some numerical repressions 
whereby the tiny magnitudes involved in the modern ■ 
science of electrons and quanta may be rdated to the 
grosser magnitudes with which we are familiar. 

In terms of the fimdameotal scientific units, 
namely, the centimeter (I cm.=0.394 inch), the 
gram (1 g.— 0.0353 ounce), and the second, the sizes 
and masses of the electrical elements are extremely 
small and their numbo* in any senaible volume ex- 
tremely laige. Where extremes are to be met, 
numwical exprcMion is most conveniently accom- 
plished by a slight modification of our common 
decimal system. 

Consider first the expression of numbers greater 
than t£n. Ten is one times ten; a hundred is one 
tames ten times ten; and one thousand is one times 
the succesdve product of three tens; and so on as in 
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the table bebw. The number of aucoeeave products 
of ten are repreiBented by exponents of the proper 
value as shown. 

io= I X 10 =1 X lo* 

loo = I X 10 X lo = I X lo* 

1000=- 1 X 10 X 10 X lo = I X lo* 

loooo := I X lo X 10 X lo X lo = I X lo* 

one million = ^ i X lO* 

one billion = = r X lo" 

one million million == :=: t X lo" 

one billicm billion = = i X lo" 

On the same basis, any number like 606 is 6.06 
times a hundred or as illustrated below: 

6o6 = 6.o6 X 10= 
6060 = 6.06 X lo" 
60600 = 6.06 X 10* 

When later we find tiiat liie number of molecules 
in two grams of hydrc^en gas is 6.06X 10 " we shall 
be able to convert this ^tpression into 606 thoxisand 
billion billion, and thus, perhaps, get some apprecia- 
tion of an enormous number. 

For nimibers smaller than unity the system is 
equally simple. We write 1/10 as 10"^ ; and 1/100 
as 1/10* and then as IXIO", as in the following 
table: 

0.1 =: I X i/io = I X lor^ 

0.01 = I X i/ioo = I X »o-* 

0.001 = I X i/io' = I X 10-* 

one millionth = = i X '0^ 

\ one billionth — = i X lo-* 

one billionth of a billionth = = i X icf^' 
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The use of theee negative powws of ten is illustrated 

below: 

0.254 = 2.54 X 1/10 - 2.64 X lO"' 
0.0254 = 2^ X 10-* 

0.00264 = 2.64 X 10' 
0.000,002^ = 2.54 X lO"" 

In addition to tiie convenience and brevity which 
this ^st^D offers it serves to indicate most qui(^Iy 
the order of magnitude of a number and its signifi- 
cant figures. Consider for example the value of Avo- 
gadro's constant, that is the number of molecules in 
one "mole" of any substance. ^ 

The most exact value for this constant is 6.062 X 
10", as found by Millikan. 

PVom the second portion of this expression we 
recognize at once that the constant is of the order of 
hundreds of thousands of a billion billions. The 
first portion of the numbw contains the significant 
figures. If Millikan's determination had been less 
precise he might have found 6.06X10^*, or with still 
less aecxiracy 6.0X10^». In the latta- case he would 
not have written the number as 6.000X10" for that 
would have implied the same preci^on as does his 
actual value, that is a precision to the fourth signifi- 
cant figure. 

By the nimiber of significant figures an experi- 
ments indicates the correctness of his results so far 
as concerns the precision with which he has made his 
measurements. He does not, of course, mean that 

'A mole is a number of gr&mB equal t-o the molecular weight 
of the substance; thus in the case of hydrogen, Ei, a mole is two 
grams, but in that of o^^d, 0>, it is 32 grama. Without regard 
to substance all moles will contain the same number of moleculeB. 
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Uiere may not be present in his determination 
Bources of error, inherent in the experimental con- 
ditions, which may have rendered his results wrong 
even in order of magnitude. By propw attention to 
significant figures throu^out any neceesaiy calcula- 
tions he arrives at a final result eadi figure of which 
is really significant and not merely a result of an 
arithmetical process. 

Taking a simple example, suppose he wishes to 
compute the circumference of a circle the diameter 
of which he has measured as lO.O cm. He multiplies 
this diameter by k, but he uses ior n, 3.14 and 
not 3.14156 or some still more accurate value. By 
his expression of the diameter as 10.0 cm. he means 
in substance t^at he has measured it with a centi- 
meter scale which is divided into tentiis of a centi- 
meter, and that he does not know ite value closer 
than a tenth of a centimeter. To write the circum- 
ference as 31.4156 cm. would imply a greatw accur- 
acy than he has either r^t or desire to imply. 

WhMi, therefore, we consider Millikan'a value for 
Avogadro's constant we interpret it to mean that he 
has determined the numbw of molecules in a mole 
to the fourth significant figure. His value, then is 
in doubt by approximately 0.001 XlC or a mere 
matter of a hundred or so billion billion molecules. 
He is right, howevw, to within about one-hundredth 
of one per crait. A more exact knowledge than this 
would probably avail us but little since there are Jew 
physical conditions where we may detect a pwcent- 
age difference as small as this, and few physical con- 
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stants which are expressible by more than four aig- 
nificant figures. 

We are now in a position to express nxuuerically 
some important physical magnitudes. We shall 
not, however, go into any detail as to how thery have 
been determined. Further, we shall allow the 
numerical values to create their own impressions 
instead of adopting conventional expedients to 
heighten them. For example, one might count the 
average number of lett«^ on a page of the encyclo- 
psedia, divide this number into Avogadro's constant 
and find the number of pages wbidi would be re- 
quired to contain a number of lettera equivalent to 
this numb^ of molecules, and thai calculate the 
number of billions of complete sets ' and so convey 
an impression. With more tediousness he could take 
the votimie of atmospheric gas inspirated by an av- 
erage man in a single breath and by using Avogadro's 
constant express the numbw of molecules for this 
familiar case in t^Tns of volumes of the enoycb- 
pfedia. Arithmetical dext«ity and int^'est will 
produce strange results by such a method, and the 
arithmetic is facihtated by the use of powers of ten. 

Sizes:' Known distances in the physical univaise 
extend from 10^^ cm., rejH'eeentii^ the distance from 
the earth to the further nebulffi, to 10"^*, representing 
the ordo* of magnitude of the diameter of an elec- 
tron. With the microscope one can observe dis- 
tances in ordinary hght of the ordw of 10' cm., and 
can detect illuminated specks of somewhat smaller 



200 WITHIN THE ATOM 

dimeneionB. The diameter of a molecule of oxygen 
is 2.99 X 10'" em. For hydrogen the diameter is less, 
being 2.17X10''' cm. The best indications of the 
diameter of an electron give 2X10'^' cm, 

Measea : The mass of a hydrogen molecule is 3.33 
XlO'^* g., and the mass of any othw- molecule is 
largo* in proportion to its molecular w^^t, tlius 
that of the oxygen molecule is 52.8X10"^* g. The 
mass of the atom of hydn^n is half that of ita mole- 
cule and this is also the mass of the proton. The 
mass of an electron is only about 1/1845 of the pro- 
ton and is thus 9.01X10'" g. 

Velocities: The greatest velocity in the physical 
universe is that of light ot of other fonns of radiant 
energy. Ligjit quanta apparently travel 2.999X 
10^" cm. per second. Beta particles have been 
measured with velocities as high as 9/10 of this. 
Alpha particles, with their greater mass, are ejected 
with smallw velocities in the order of 1/10 the 
velocity of li^t. 

In a volume of gas under {H-actically atmospheric 
conditions of pressure and temperature (so-called 
standard conditions) molecules travel -with velocities 
which are dependent upon their masses. Hydrogen 
molecules trttvel fastest, about a mile a second or 
1.69X10" ran. per second. OxygMi molecules with 
sixteen times the mass travel one-quarter as fast as 
hydrogen molecules, that is 4.2X 10* cm. per second. 

Free Path of Gas Molecules: Under these stand- 
ard conditions the atoms of a voluq;ie of hydrogen 
would travel on the average about 1.76X10' cm. be- 
tween successive coUi^ons. On the average, there- 
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fore, a hydrogen atom would make tea billion eol- 
lisiona per second. If the gas is less dense, for ex- 
ample, if the container has been exhauated until the 
pressure is 2.64X10"" of the normal atmospheric 
pressure, the numbra- of molecules per c.c. has been 
amilarly reduced and the mean free path is increased 
by 3.8X10* times. For oxygen, for example, the 
mean free path xmder atmoEpheric conditions is 9.4 
X 10"* cm. and under the above conditions of rare- 
faction 3.64X 10* cm 

The velocity has not been altered by the reduction 
in pressure for the tempwature has been assumed 
unchanged, and h^ice the kinetic energy is not al- 
tered. The molecule wUl now make only about one 
collision a second. Sudi extreme conditions of rare- 
faction are producible today by vacuum pumps 
which empby molecules to bombard other molecules 
and thus drive them from the desired enclosure. 
When the bombarding molecules have done their 
work they are removed by condensing them into 
drops of liquid. 

Avagadro's Constant: A mole of any gas occu- 
pies a volume of 2.241X10* cc, that is, about 22 
liters (about 0.79 cubic foot) under standard con- 
ditions of tempai^ture and pressure. In this mole 
there are, as has been said, 6.062X10'" molecules. 
Per cubic centimeter, therefore, there are about 2.705 
XlO^" molecules. Under the conditions of rare- 
faction which were mentioned above as attainable by 
the moderri mercury vapor vacuum pump the num- 
ber per cc. is 'reduced to about 7X10', 'so that the 
nearest we can come to a perfect vacuum is a mere 
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matter of aeresvl billion moleeules in eadi cubic 
centiineter. 

Energy Units: The unit of energy is the erg. It 
represHitA twice the Idnetie oietgy which is asso- 
ciated with a mass of one gram which is moving at 
the rate of one centimeta* a second. It r^reseaits 
rou^ily one-thousandtli of the wortc required to raiae 
a gram vertically one centimeter. It is too small a 
unit for oonvraiimce in i^itctieal mechanics. For 
example, in lifting an ounce vraiically a distance of 
l-in<^ one does 7.07X10* »lg8 of woriL The familiar 
unit of eaiergy, known as the foot-pound, is equiva- 
lent to 1.35X10' ergs. The joule which is used in 
electrical en^e^ing is 10' ergs. The cal<»ie whid) 
is the conveniwit unit £(»■ measuring «iMgy which 
appears aa heat is equivaloit to 4.19X10' Mgs. 

Quanta: Althou^ the erg is too small for rtmay 
practdcal purposes it is large compared to many of 
the amoimts of exietgy with which the scioitist is 
coDcemed. This is particularly so in the case of 
quanta. Planck's constant is 6.56X10'^' and the 
nimibOT of ei^ representing a quantum at any given 
frequency is the product of this constant, h, and the 
frequency n. For example, about the higjiest fre- 
quency of visible l^t is 7.5X10^* vibrations per 
second, so that the coirespondlng quantum is 5.0 X 
10"i2 erg. The frequency at which a heated body 
radiates the maximum amount of energy is about 
1.5X 10^*, which is in the infra-red r^on. The cor- 
responding quantum is only 9.9X10"*" ei^. 

Gamma rays have the hi^est known frequencies, 
about 10** vibrations p«- second. In this case the 
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quantum has its maxiinuin known value of about 6 
X 10 'erg. 

Kinetic Energy of a Gas Molecule: The kinetic 
esiergy which, on the average, ia associated with eai^ 
molecule of a gas under standard conditions of pree- 
Bure and temperature (0''C,) is 5.62X10" &rg, and 
for every d^ree increase in temperature the kinetic 
energy of translation is increased by 2.06X10'^* erg. 

Electrical Units: For measuring electrical phe- 
nomena three systems of units are used, but we shall 
restrict ourselves to the so-called practical units 
known to electricians and the consumers of electrical 
energy. 

The Electron: The practical unit of quantity of 
electricity is the coulomb. It represents the amount 
of electricity which would be transfOTred in a silvw- 
plating solution of silver nitrate every time that 
0.001118 gram of silver is deposited on the cath- 
ode. If a coulomb is passed through an electrolyte 
under conditions where hydrogen is liberated the 
mass of hydrogen gas is 1.038X10"' gram. To liber- 
ate a gram of hydrogHi requires the passage of 96,- 
500 coulombs. In terms of the coulomb the diarge 
of an electron (or of a proton) is 1.591X10"^* coul- 
omb. 

Current : Whrai there is a transfer of electricity 
through any conductor at the rate of one coubmb 
per second a current of one ampere is said to be flow- 
ing. It is thus evident that a current of one ampere 
represents a flow across each and every cross-section 
of the conductor of 6.3X10^* electrons eadi second. 

Electrical Potential: When a coulomb of dec- 
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trieity is transferred betweoi two pointe by an ex- 
penditure of one joule of exiergy (IC n^) the points 
are said to daSer in electrical potential by one volt. 
The Hating circuit of a houae or office usually oper- 
ates at a voltage of 115. 

Power: By multiplying the voltage across and 
the current through any piece of electrical apparatus 
we find the numbn* of joules pet second whidi are 
being expended in the apparatu& For joules per 
second, however, there is used a single word, namely, 
watts. When en^gy is being expended at the rate 
of one joule per second the pow^ in the circuit is 
one watt. An ordinary house light, rated as 40 
watts, takes a current of 40/115 ampwe or a little 
more tiian a third of an ampa«, and represents a 
flow of electrons at the rate of about 2.x 10*® a 
second. 

Ionization Potential: The kinetic energy which 
an electron acquires in free passage between two 
points differing in potential by one volt is about 1.59 
XlO"*^ CTg. Ionization potentials are of the order 
of ID volts so that it requires about l.exiO'*" H-g to 
knock an dectron free from an atomic structure. 
The ionization potential differs with the type of 
atom and some atoms require two or three times as 
much energy in the impact as do others. To ionize 
by removing two electrons requires more energy but 
the amount is still absurdly smaU compared to any 
of the energy expenditures of our daily Uvea 

Xrays: In an X-ray tube the electrons freed at 
the heated cathode are pulled aooss the intervening 
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space to tiiie tai^t under voltages of the order of 
150,000. As a result each dectron delivers to the 
target an enei^ of about 2.4X10"* erg. This is 
about tiiie highest value of energy which physicists 
have yet been able to impart to an electron. 

The Inconstmicy 0} Mass: Mass or inertia, aa 
defined on page 40, depends upon energy and speed. 
N^ect for tlie moment tiie conveutional units used 
in this Appendix and return to the simple unite of 
the previous text. An electron moving with unit 
speed (1 cm. per sec.) has unit energy and imder 
these conditions tbe electron has unit in^iia,. If it 
moves with twice t^e speed it has four times the en- 
ergy; with three units of speed, nine units of energy; 
and 90 on, tiie extergy of the moving electron bedng 
equal to the square of its speed as long as thde speed 
is smaU as compared to the velocity of light (3X10^" 
cm. per second) . Under these conditions tbe inertia 
or mass of tJie dectron is constant and is measured 
by the ratio of the number of units of energy to the 
square of the nxunber of units of speed. 

Actual comparisons have been made of tlie ener- 
gies of electrons at different speeds and it has been 
found t^at as higha* speeds were attained the enei^ 
was increasing enormously faster than was the 
square of the velocity, that is, that the inertia of an 
electron is not constant but always greater for 
greatH- speeds, although the diffwences are imper- 
ceptible at speeds small as compared to li^t. For 
this reason the mass may be said to be inconstant. 
The same relation holds for molar bodies as well as 
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electronic if we accept, as we must, the so-called 
"^)ecial relativity theory." This subject, however, 
demands a whole book to itself, and it has received 
mAny such in recent days. 
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GLOSSARY 

Absoldtb Zero 

A temperature of 271,3° below zero <hi the Cent^^de 

Bcale, equivalent to 456.3" below zero Fabrenbeit. 
Absorption Specteum 

A spectrum showing by their absence whftt radiations 

a given substance fails to tranBmit. 
Acids 

Electrolytes for which one product of dissociation is 

a hydrogen ion. 
Alpha Pashcles 

The combination of four protons and two electrons 

which is expelled from the nucleus of a radioactive 

atom. An alpha particle is identical with the nucleus 

of a helium atom. 
Alpha Rays 

A stream of alpha particles. 
Ampebb 

A unit of electrical current. See Appendix. 
Amphotbbic 

A term applied to chemical elements which react either 

aa electropositive or electnmegative depending on the 

other reactants. 
Anodb 

The plate or other terminal in a conducting gas or 

liquid at which electrons or n^ative ions are collected. 

The positive electrode. 
Anti-Cathode 

The anode or target in an X-ray tube. 
Atom 

An atomic system which is uncharged having equal 

numbers of protons and electrons. 
Atomic Numbeb 

A number equal to the number of positive charges 
207 
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(protons) of a nucleus in excesB of the number of nega- 
tive charges (electrone). 

Atomic System 
A nucleus and associated planetary electronB. It may 
be either a nonnal atom or an ion. 

Atomic Wesoht 
The number representing, oa a scale which assigns 16 
to oxygen, the average mass of the atom of any chemi- 
cal substance. 

Atom-Model 
A theoretical configuration of the electrons in an atcnn 
which would account for ite propcrtiea. 

Bases 
Electrolytes for which cme dissociation product is a 
negative ion formed by an oxygen and a hydrogen 
atom. 

Beta Pabticls 
An electron which is ejected by the nucleus of a radio- 
active atom. 

Beta Rays 
A stream of beta particles. 

Caldbie 
A unit of energy used in discussing heat. cf. p. 178. 

CARBOHYnHATE 

A chemical compound of a particular type which 'con- 
tains carbon, hydrogen and oxygen. Of this type the 
sizars are examples. 

Cathode 
A plate or other terminal in a conducting gas (or 
liquid) at which positive t(me are collected or electrons 
are emitted. The negative electrode. 

Cathode Rayb 
A stream of electrons proceeding outward from t^e 
cathode of a tube (of gas) which is conducting elec- 
tricity. 

Cbnttmeteh 
Approximately 0.394 inch. 

Chaboe 
The excess of positive or n^ative electricity in a 
body. 
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Chemical Element 
A subBtance all of whose atomic systems have the same 
atomic number. 

Contact Electkomoti™ Force 
The potential diEEerence which is set up by the contact 
of two disainiilar substances, i. e., substances with dif- 
fereut electronic structure. 

Continuous Spbctbum 
A spectrum which includes all possible frequencies. 

Coulomb 
A unit of charge, cf. Appendix. 

Dissociation 

A dieruption of a molecular system which may or not, 
as the case may be, result in neutral aystans. Elec- 
trolytes dissociate into charged systems, the itms. 

Disintegration 
A disruption of the nucleus of an atomic system. 

DiaiNTBGEATION PbODUCT 

The atomic system which results when alpha or beta 
particles are expelled from a nucleus. 

Electrical Elements 

The electron and the proton. 

Eleotbodb 
The metal plate which terminates the solid portion 
of an electrically conducting path, the other portion of 
which either is gaseous or liquid or is a vacuum. 

Electrolyte 
A solution for which the solute partially dissociates 
into ions. 

Electbomaqnet 
A piece of magnetic material about which is wound 
a current- carrying loop of wire. 

Electromagnetic Theory 
The generally accepted theory of electricity and mag- 
netism which was formulated by Maxwell. 

Electrombteb 
An instrument for measuring an electrical charge. 

Electron 
The elementary corpuscule of negative electricity. It 
is complementary to the proton. 
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ELBCTRONEOATtTlS 

A term applied to chemical eleme&ta whose atoms bare 

a negative valence. 
EiECTHOPoernvB 

The opposite of electrtm^ative. 
Electboscopb 

An instrument for detecting an elecif icat charge. 

ELBCTBOeTATTC 

A term applied to an electrical chai^ which ia fixed 
in position. 

Emanation 
The name applied to the product formed by the ex- 
pulsion of alpha particles from the nucleus of radium or 
thorium atoms. In this book radium emanation is 
called "niton." 

Emission Spbcthum 

The spectrum of the radiation from a body. 

Energy 
The name applied to the motive power in the physical 
universe. One of the two fundamental entities of 
modem physios; the other is electricity. 

Entbopy 
A numerical expression which increases as enei^ loses 
its availability. 

Ebq 
A unit of energy, c/. Appendix, 

Fluobescent 
Giving rise to radiations of other frequenci^ than 
those which it absorbs. 

Frequency 
Number of oscillaticms per second. 

Gamma Rays 
A radiation, similar in type to X-rays, which proceeds 
outward from some radioactive atoms when the sub- 
stance is emitting beta rays. 

Gram 

A unit of mass approximately equal to 0.0353 ounce. 

Grattnq 
A series of equally spaced reflecting surfaces which 
serve to analyse radiations into their component fre- 
quencies. 
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Iniebtu 

A characteristic unwillingneBS to change in state of 

motion which all bodies display. 
Infba-Red 

Of loWer frequency than the visible radiation. 

An instrument for measuring distances very accurately 
in terms of wave lengths of visible light. Used by 
Michelson to measure the intematicmal met«r. 

Ion 
An atomic or molecular system which is electrically 
charged by virtue of an inequality in the number of 
its protons and its electrons. 

Ionization 
A disruption of an atom or molecule into ions or into 
ions and electrons. 

Ionization Potential 
The amount of potential energy which must be con- 
verted into kinetic in order that an impact of the body 
with which the energy is associated shall ionize an 
atom or molecule. 

Isotope 
A substance which occupies with another substance 
the same place in the periodic table of chemical ele- 
ments. The two substances then have the same atomic 
number but different atomic masses. 

JOCLE 

A unit of energy, cf. Appendix. 
Kinetic Enbboy 

Enei^ associated with electricity in motion. 
Line Spectrum 

A discontinuous spectrum formed by radiation of only 

certain definite frequencies. 
Mass 

The amount of matter in a body; more strictly, a 

measure of its ability to acquire kinetic energy. 
M01.B 

A number of grams of a given substance equal to the 

sum of the atomic weights of all the atoms in a molecule 

of the substance. 
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MoLECULAB Heat 
The heat required per molecule (strictly per mole) to 
raise the temperature of a subetanGe 1° centigrade. 

MoLECuLAB System 
A unioD formed by two or more atomic Byeteme. It 
may be either a oonnal molecule or an iaa. 

MOLECITLE 

A molecular system which is uncharged, having equal 
nimibera of protons and electrons. 
Niton 

Radium emanation. An inert gas of atomic number S6. 

NoCLBUS 

One or more protcms associated with electrons in a c<mi- 
pact group central to an at<»nic system. 

OSCILLATOK 

An atomic or elecbonic system the parts of which 

vibrate or oscillate. 
Pellate 

Move apart except as restrained. 
Febiodic Table 

The arrangement of the chemical element, in asccmd- 

ing order of atcHnic nimibei's, in which elements of 

somewhat similar electronic structure, and hence 

chemical properties, appear periodically. 
Phimfhobbscent 

Emitting radiation as a result of radiation which is 

absorbed but after absorption has ceased. 
Photo-Electbic 

Pertaining to the emission of electrons which occurs 

under the action of light, 
Planck'b Constant 

The factor of proportionality by which the frequency 

of an electronic oscillator must be multiplied in (»der 

to e^^re^ a quantum in eigs. 
Planbtaby Electbons 

The electrons in an attnn which are external to the 

nucleus. 

POLYMBBIZATION 

The formation of aggregates of molecules which move 
about (in solution) as if they were single molecules. 
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POBITIVB RaYB - 

A stream of positive itms from a tube of ccoiducti:^ 

FOTBNTUL DiTFBBENCB 

A measure of the potential enei^ which is available 
between two points. 
FoiXNTiAL (Electrical) 
The measure of the potential energy which is associated 
with a unit quantity of electricity. 

POTEJJllAL EnEBQY 

Energy which it is assumed, upon the basis of the 
conservation of energy, is associated with the con- 
figuration of electrical HyHtema. 

PoTBNTUL Gradient 
The rate at wbich the potential difference between two 
points changes as the position of one is varied. 

Pboton 
The elementary corpuscule of positive electricity. It 
is complementary to the electron. 

QUANTDM 

A variable amount of energy, directly proportional to 
the frequency of the radiati<»i wliicfa is emitted by an 
electronic oscillator. 
Radiation 
Enei^, (massociated with matter, which is being trans- 
ferred through space. 

R&DIOACnVB 

A term applied to substances the nuclei of whose atoms 

spontaneously disintegrate. 
Radium 

The most famous radioactive substance, discovered 

by the Curies in 1897. 
Rb-Radution 

Radiation emitted by a body which is absorbing radia- 
tion frcHu a distant source. 
REaiSTANCB (Electrical) 

The unwillingness of a body to transmit electricity, 

which is measured by the ratio of an electrical potential 

(the cause) to a current (the effect). 
RisoNANCS Potential 

The amount of potential eaei^ which must be cod- 
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verted into kinetic in order that an impact shall excite 
the characterifltic radiation fmn an atom. 

Salib 

Electrolytes which are neither acids myr bases. 

Scintillation 
A discrete speck of light produced m a screen by the 
impact of a high speed ion, usually of an alpha particle. 

Solenoid 
A tubular winding of wire fonned by spiralling a wiie 
as in Fig. i. 

Sfecipic £^t 
Energy required to raise the temperature of unit mass 
of a substance one degree. 

Spectbometeb 
An instrument for the quantitative analysis of radia- 
tion into its ccnaponent frequencies. 

Sfbctbobcofb 
An instrument for the qualitative investigation of the 
component frequencies of a given radiation. 

Spbctbch 

A broad band of radiation in which the several com- 
ponent radiations are arranged side by side in the 
order of their frequencies. 

Temperatdsb Enclobube 
A region surrounded by walls which are maintained at 
a constant temperature. 

TKMP&BATimB EQTIILIBfilUM 

The condition of a system the parts of which undergo 
no relative changes in temperature. 

TBMFSRATUBa KaOIATION 

Radiation emitted as the result of the thermal agitation 

in a body. 
Thermion 

An electron emitted from a body as a result of thermal 

agitatitm. 
Thermooynamic Efficiency 

cf. p. 186. 

ThEBUODTNAMIC FBOBABILrrY 

cf. p. 190. 
Thermodynamic Scale of Temferatubd 

A temperature scale starting from the absolute son. 
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Thbbshold Fbsqtjency 
The miDimum frequency of radiati(ni which will pro- 
duce photo-electric effects. 

Tbactatb 
Move toward each other except as reetrained. 
. Ultha-Violbt 

Of higher frequ^icy than visible radiation. 

Valence 
A numerical statement of the ability of atoms to com- 
bine, expressed in terms of the combining ability of 
hydrogen as unity, e,g., hydrogen, sodium, chlorme 
are monovalent; oxygen, sulphur and zinc are divalent; 
phosphorus and boron are trivalent and carbon and 
silicon are tetravalent. 

Velocity 

Rate of change of position, that is speed, measured in 
distance per unit of time. 

Volt 
A unit of potential difference, c/. Appendix. 

Wait 
A unit of power, that is of the rate at which energy 
is expended, cf. Appendix. 
. Wave Length 

The distance traversed by radiant enei^ in the period 
occupied by one complete oscillation of its source. 
Numerically equal to the velocity of li^t divided by 
the frequency, 

X-Rayb 
The radiation from the anode or tai^ of a vacuum 
tube, when the anode is subjected to severe bombard- 
ment by a cathode stresm. 
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